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Abstract 
Long, high-resolution paleoclimatic records are required to extend the short climatic 
instrumental data in order to understand the global climate system and its variations. In tropical 
and sub-tropical regions, stable isotope records derived from massive corals can provide such 
information both for the last several centuries (from living corals) and for well-dated windows 
of the more distant past (from well-preserved fossil corals). The data obtained from coral proxy 
are in some cases equivalent in quality and resolution to those derived from instrumental data. 
However, it is subjected to some limitations that may affect the reliability of the proxy 
particularly on the sub-annual time scale. In this thesis we investegated some of these 
limitations from Pontes corals from the northern Gulf of Aqaba in order to improve the 
accuracy of records obtained from this proxy. 
Stable oxygen isotope composition were analysed in the skeletons of two coral colonies 
(Pontes cf. lutea and Pontes cf. nodifera) from the northern Gulf of Aqaba. The records were 
used to evaluate the effect of some biological factors such as extension rate, density, 
calcification rate and species differences that may affect the environmental signals obtained 
from this proxy. Results demonstrate that a large majority of the seasonal variations in coral 
oxygen isotope from the area can be explained by seawater temperature variations, and only a 
small fraction can be attributed to 8180 variations of surface water. However, it seems to be 
that the interannual salinity variations are responsible for decreasing the correlation between 
coral 5180 and seawater temperature at the annual time scale. Coral 8180 was also found to be 
growth dependent, the relation between the two variables can be explained by a simple 
exponential model, in which the inverse function extends over extension rates 1-5 mm/yr. For 
more rapidly growing corals and portions of coral colonies, the relation is constant and the 
extension rate did not appear to have any significant effect on coral 8180. Furthermore, the 
offset in 0 O profiles cannot be always explained as a function of extension and/or 
calcification rate and may result from coral species differences. 
High-resolution coral 8180 records (weekly/biweekly) from the northern Gulf of Aqaba 
were also calibrated against high-resolution in situ monitoring of seawater temperature, salinity 
and isotopic composition over 14 month period from different water depths. The records were 
obtained to assess the ability of Pontes corals to accurately record environmental variations, 
and to constrain the environmental sources of isotopic variations. Results show that high-
resolution coral 8180 records from all depths were able to capture fine details of the weekly 
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temperature records and resolved more that 95% of the weekly temperature variations. 
However, attenuation and amplification of the corals seasonal amplitudes were recorded in 
deep slow growing corals due to changes or interruption in coral growth rates on the annual 
time scales. The study shows also no evidence for smoothing and distortion of the 
environmental signals obtained from corals due to calcification throughout the thickness of the 
tissue layer as suggested by earlier studies. The emperical relation between coral 81 O and 
seawater temperature and 8180 composition based on corals from different depths from this 
study and the relation between coral 8180 and extension rate as well as that between seawater 
salinity and 5180 achieved from both studies can be applied to evaluate and correct past and 
future coral o O chronologies obtained from modern and fossil corals from the region. 
The stable carbon isotope (81 C) records of the planktonic foraminifera Globigerinoides 
sacculifer and Globigerinoides ruber from the northern Gulf of Aqaba have been used to trace 
modern climate variability influenced by human activities. The study was conducted on three 
multicorers extends almost 1000 years B.P. with high temporal resolution up to 10 years. The 
records documents changes in the seawater dissolve inorganic carbon variability, indicated by a 
gradual decrease of the 813CDiC of approximately 0.63%o in the last 200 years as a result of 
• 1 % 
increasing input of the C depleted CO2 into the atmosphere. Whereas values older than 1750 
did not show such trend back to 1000 A.D. Furthermore, variations in carbon isotope of the 
organic matter (813Corg) show a trend toward lighter values closely follow those of the 
foraminifera and support the interpretation. The variations in CO2 concentration calculated 
from S13Corg values, representing the pre-industrial and industrial conditions in the Gulf of 
Aqaba are estimated to be from 287 to 363 ppm. These values are within the range estimated 
for CO2 concentrations from ice cores during the last two centuries. Moreover, a comparison of 
the carbon isotope measurements of the northern Gulf of Aqaba seawater obtained in 1999 with 
measurements recorded in 1979 shows a decrease of 813CDIC values of about 0.44%o during the 
last 20 years with annual decrease of about 0.02 l%o. The results from this study reveal that 
813C of planktonic foraminifers combined with organic matter S13C from marine sediments 
allow good indicators to reconstruct past changes in atmospheric CO2 concentrations from the 
northern Gulf of Aqaba. 
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Chapter One 
1. General introduction 
1.1. Sources of paleoclimatic information 
To understand recent and future climatic changes, whether as a consequence of human 
activities or of natural variability, it is necessary to document how climates have varied in the 
past, i.e., the space-and time-scales of natural climate variability. Some measure of this natural 
variability were deduced from instrumental observations, which are poor before the age of 
satellite remote sensing, and are restricted to the last 150 year. 
Long high-quality records are needed to extend the instrumental records and therefore, to 
provide more complete picture of natural climate changes over decades, multidecads or even 
centuries time scales, and to understand how human activities may already have altered the 
climate locally, regionally and perhaps globally. 
Reliable global records of high-resolution paleoclimatic data have been obtained from 
natural archives or proxies which are climate-dependent, and which incorporate into their 
structure a measure of this dependency (Bradley, 1999). For example, short-term climatic 
changes have been investigated from various isotopic and other chemical compounds present in 
ice cores (e.g., Friedli et al., 1986; Francey et al., 1999), tree rings (e.g., Cook, 1995; Feng, 
1999), varved sediments (e.g., von Rad et al., 1999; Hughen et al., 1996), pollen series (e.g., 
Shulmeister and Lees, 1995) and other investigations have provided an excellent record to 
study the continental climate variability over the recent centuries. 
Records from long-lived corals have showed the presence of decadal patterns of ENSO-like 
variability from the tropical Pacific that is unrecognisable from existing instrumental data (e.g., 
Carriquiry et al., 1994; 1998; Wellington and Dunbar, 1995). Similarly, long term variations in 
the stable carbon isotopic composition of the seawater dissolved inorganic carbon (813CDIC) 
due to human activity have been detected from shallow dwelling corals and sponges (e.g., 
Nozaki et al., 1978; Druffel and Benavides, 1986; Bohm et al , 1996). 
As paleoclimate reconstructions from these proxies offer the only source of information on 
long-term climatic variability, calibrations of these proxy records are needed for all further 
studies. Calibration involves using modern climatic records and proxy materials to understand 
how, and to what extent proxy materials are climate-dependent. 
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1.2. Corals as environmental proxies 
Massive hermatypic coral skeletons have been proven to provide high quality recorders of 
climatic and environmental changes from tropical and subtropical oceans on a seasonal to 
century time-scales (e.g., Patzold, 1984; 1986; McConnaughey, 1989; Aharon, 1991; Dunbar et 
al , 1994; Crowley et al., 1997; Kuhnert et al., 2000; Felis et al., 2000), which are in some 
cases equivalent in quality and resolution to those derived from instrumental data. 
The term "coral" is generally applied to members of the order Scleractinia, which have hard 
calcareous skeletons (Veron, 1993). The aragonitic coral skeleton is covered by thin living 
tissue layer formed by the polyps, which lives symbiotically with unicellular algae 
(zooxanthellae). These are known as the hermatypic corals and belong to the subgroup reef 
builders. The basic unit of the skeleton is considered to be the sclerodermite, a group of fiber, 
which fan out from a point called the center of calcification. Sclerodermites often grow 
vertically to produce atrabecula in which the fibers radiate outward and upward from a central 
axis (Barnes and Lough, 1989). 
Figure 1.1. X-radiograph 
positive prints of Pontes coral 
slabs (Aql9) with age 
interpretation. The skeletal 
density banding pattern of 
alternating high and low density 
sub-bands can be clearly seen. 
The isotopic sampling profiles 
obtained using the drilling 
procedure (a) and grinding 
procedure (b) are indicated by 
the arrows. 
Most of the reef corals live at depths less than 20 m and grow continuously at rates of 6-20 
mm/year, with most species producing annual density bands (much like tree rings) that 
provide time markers for the development of long chronologies (Knutson et al., 1972; Scoffin 
et al., 1989). The bands are of annual periodicity and composed of alternating high density 
(HD) and low density (LD) sub-bands (Figure 1.1). During growth, corals incorporate trace 
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elements and stable isotopes from the surrounding seawater, which can be used for 
paleoenvironmental studies. 
High-resolution trace elements and stable isotopes coral records were used to study some 
climatic events like El Nino (Cole and Fairbanks, 1990; Cole et al., 1993; Shen et al., 1992; 
Felis et al., 2000), and to reconstruct climatic and environmental parameters such as sea 
surface temperatures, salinities, rainfall, nutrient and river inputs (e.g. Swart, 1983; Isdale, 
1984; Shen et al., 1987; McConnaughey, 1989; Lea et al., 1989; Cole and Fairbanks, 1990). 
Also it has been used to study some environmental changes caused by human activities, such 
as industrial and sewage pollutions (Schneider and Smith, 1982; Dodge et al., 1984; Shen et 
al, 1987; Shen and Boyle, 1988), nuclear testing (Knuston et al., 1972) and anthropogenic CO2 
increase (Nozaki et al., 1978; Aharon, 1991). Thus, coral records can be used to assess long-
term climate trends as well as the range of natural variability in the tropical-subtropical 
environment. 
1.2.1. Stable oxygen isotopes in corals 
Oxygen isotopic composition of the aragonite skeletons has been considered to be the most 
commonly used parameter in coral paleoceanographic studies, because these measurements are 
readily developed in quantity and are relatively straightforward to interpret (NOAA 1993). 
Coral stable oxygen isotopes (8180) reflect a combination of local sea surface temperatures and 
oxygen isotope composition of the ambient seawaters in which they grew (Epstein et al., 1953; 
Fairbanks and Dodge, 1979; Swart et al., 1983; Aharon, 1991; Wefer and Berger, 1991). 
Coral 8 O as a function of temperature has been derived from the widely famous 
paleotemperature equation by Epstein et al. (1953). The equation describes the relation 
between seawater temperature, 8 O of biogenic carbonate and seawater 8 O as follows: 
T= 16.5-4.3 (tf8Oc- tfHOw) + 0.14 ($8Oc- 8sOw)2 
where T is temperature in °C, 8 l80c is the carbonate stable oxygen composition and 8180w 
is that of seawater. Based on this equation, the S180 of biogenic carbonate decreases by 
~ 0.22%o for each 1°C increase in seawater temperature. However Grossman and Ku (1986) 
found this gradient to be about 0.23%o/l°C for aragonite. Recently, Gagan et al. (1994) 
suggested a temperature dependence of 0.18%o/l°C for Porites corals at a weekly resolution 
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from Great Barier Reef, where as Quinn et al. (1998) suggested 0.172%o/l°C for a New 
Calidonia Porites coral on a monthly scale. 
Coral 8180 has been also used to reconstruct variations in 8180 of seawater (e.g., Dunbar 
and Wellington, 1981; Cole and Fairbanks, 1990), which often related to water salinities and 
varies as a function of precipitation, evaporation and runoff (hydrological balance). Offset 
below values predicted from equilibrium precipitation may be caused by vital effect, that 
appears to be constant within a given coral genus (Weber and Woodhead, 1972) and along 
rapidly growing portions (Patzold, 1984; McConnaughey, 1989). Changes in growth rate were 
also found to have an impact on the fractionation of stable isotopes, and may change the 
absolute isotopic value (e.g., Land et al., 1975; Weil et al, 1981; Patzold, 1986; 
McConnaughey, 1989; Leder et al., 1996; Allison et al., 1996). 
1.2.2. Stable carbon isotopes in corals 
Contrary to 8 I80, the 8I3C signals in coral skeletons is often difficult to interpret, because of 
the complicated interactions of environmental influences with physiological processes that 
involves strong isotopic fractionation (Weber and Woodhead, 1970; Goreau, 1977; Swart, 
1983). 
Variations of coral 813C on the annual time scale is mainly controlled by the photosynthetic 
activity of the coral endosymbiotic algae, which preferentially take up 12C from dissolved 
inorganic carbon (DIC) in seawater, so lighter rates of photosynthesis lead to DIC becoming 
enriched in I3C, which in turn affects the 813C of skeleton carbonate (Goreau, 1977; Erez, 
1978; Swart, 1983; McConnaughey, 1989). 
However, in certain environments, coral 813C were used to derive some climatic 
information, because it shows strong correlations to specific environmental variables. The 
correlation between 8l3C and light intensity was interpreted as a result of insolation 
(cloudiness) variability (e.g., Weil et al., 1981; Patzold, 1984; McConnaughey, 1989; Winter et 
al., 1991), or water column transparency (e.g., Wellington and Dunbar, 1995). Furthermore, 
carbon stable isotope from coral skeleton was linked to nutrient or food availability in some 
environments (Felis et al., 1998; Grottoli-Everett and Wellington, 1999), and to seawater 
dissolved inorganic carbon (DIC) variability in others (Nozaki et al., 1978). 
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1.3. Planktonic foraminifera as environmental proxies 
Planktonic foraminifera are small unicellular animals (Protozoa) that inhabit all oceans from 
the tropic to the polar seas. They live in the upper parts of the world oceans, and build a calcite 
shell that consists of small chambers, which serve as their skeleton (Figure 1.2). Their 
distribution and abundance is influenced by biotic parameters such as temperature, salinity, 
light, oxygen and nutrient concentrations (Hemleben et al., 1989). 
a)ii^-^.<.i b) 
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Figure 1.2. Examples of some 
planktonic foraminifera species 
(Hemleben et al , 1989). a) 
Globigerinoides conglobatus. Scale 
= 200|am, b) Orbulina universa. 
Scale = 200(xm, c) Globigerinoides 
ruber. Scale = lOOum, d-f) 
Globigerinoides sacculifer with 
different growth types. Scale = 
200nm. 
The shells of the planktonic foraminifera are major components in the pelagic sediments. 
Their stable isotope and trace element chronologies as well as their faunal assemblages 
composition are considered as a primary tool for paleoceanographic and paleoclimatic 
reconstructions (Vincent and Berger, 1981; Hemleben et al., 1989; Wefer et al., 1999), due to 
their high relative abundance and good preservation potential (Seibold and Berger, 1993). 
1.3.1. Stable oxygen isotopes 
Stable oxygen isotopic composition of foraminifera shells is considered as the most widely 
applied method used in oceanography. It depends on the fact that carbonate precipitates from 
the same aqueous solution should have different ratios of O to O, depending on the 
temperature at which the precipitation occur (Urey, 1947; Emiliani, 1954). For that, several 
empirical studies have employed this fact to estimate past sea surface water temperatures from 
calcareous marine organisms (e.g., Epstein, 1953; Shackleton, 1974). 
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Epstein et al. (1953) have derived an empirical relationship to estimate paleotemperatures 
from calcareous mollusks. This was applied to planktonic foraminifera in deep-sea sediments 
by Emiliani (1954, 1955, 1966). The major assumption of this method that foraminifera 
skeletons are deposited in isotopic equilibrium and the fractionation is mainly controlled by 
temperature at the time of deposition. However, it was found that foraminifera display 
disequilibrium precipitation or vital effect, due to incorporation of metabolic CO2 (e.g., Erez, 
1978; Spero et al., 1991), which is different from one species to another (Grossman, 1987). 
Furthermore, other factors may complicate this simple interpretation such as ice volume 
effect (Craig, 1965; Shackleton, 1967), variation of depth habitat of foraminifera (Emiliani, 
1971) and dissolution of ocean basin carbonate (Berger, 1975; Duplessy et al., 1981). 
The isotopic oxygen compositions in planktonic foraminifera has been also used to estimate 
paleosalinity changes (Duplessy et al., 1991; Rostek et al., 1993; Wolff et al., 1999) which 
varies as a respond to large scale dilution effect or local changes in precipitation/evaporation 
relationship. 
1.3.2. Stable carbon isotope 
Carbon isotope composition of planktonic foraminifera (8I3C) has been considered as the 
primary tool for the paleo-carbon isotope reconstructions of surface waters. The main factor 
effecting 8l3C ratio in planktonic foraminifera skeletons is the 5l3C of seawater dissolved 
inorganic carbon (DIC). However, physiological processes such as respiration and symbiotic 
photosynthesis (vital effect) can cause significant variations in 8l3C of foraminifera shell 
(Spero, 1992; Erez and Honjo, 1981). Whereas some species of planktonic foraminifera were 
used to infer the 81 C values of the dissolved inorganic carbon in paleoceans, because they 
have 8I3C values, which are offset by nearly constant factor due to this effect (Shackleton and 
Vincent, 1978; Spero, 1992; Keir, 1995). 
Variations of the carbon isotope composition of seawater (8 Cxco2) at the annual time scale 
are mainly related to nutrient cycle and biological productivity. It has been found that 813Cico2 
in the ocean is inversely correlated with the nutrient concentration of the ocean water (Brocker 
and Peng, 1982; Kroopinck, 1985). While at longer-term trends, it is related to changes in the 
carbon isotope composition of dissolved CO2 in seawater due to the exchange with the 
atmosphere. For instance the 8l3Cico2 of the ocean surface water has decreased during the past 
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two centuries due to the addition of isotopically light fossil fuel CO2 to the atmosphere as 
recorded in ice cores (e.g., Friedli et al., 1986, Francy et al., 1999). The exchange between 
atmospheric and dissolved ocean CO2 has lead to decrease in surface ocean 813C as deduced 
from shallow dwelling corals and sponges (e.g., Nozaki et al., 1978; Bohm et al., 1996). 
1.4. Study area 
1.4.1. Location 
The Gulf of Aqaba (Figure 1.3) is the eastern segment of the V-shaped northern extension of 
the Red Sea and is located in the subtropical arid area between 28°29' -30° North and 34°30'-
35° East. It is a partially enclosed water body with about 170 km long, 10-26 km wide and 
more than 1800 m deep (Klinker et al., 1978). The Gulf is separated from the Red Sea proper 
by a sill at the Straits of Tiran, which has a maximum depth of about 250 m, so that restricted 
water exchange through the sill allows the Gulf to maintain water masses distinct from those in 
the Red Sea (Wolf-Vecht, 1992). 
3 
34 35 
Longitude (°E) 
Figure 1.3. Location map of the Red Sea showing the Straits of Tiran, the Gulf of Aqaba and the Gulf of Suez. 
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1.4.2. Climate 
The Gulf of Aqaba is situated between the Sinai desert and the western Arabian desert. The 
area is extremely arid and the evaporation is very high. Summer temperatures on land may 
reach up to 45°C, while it is as low as 4°C in winter. 
Rainfall in the area is about 37 mm per year. There are however, exceptionally rainy years 
with as much rain as 70 mm (Reiss and Hottinger, 1984). Flash floods through major wadis in 
winter transport terrestrial material into the Gulf, resulting in large deltas and incision of 
submarine canyons. Produced by localized heavy rainfalls, most floods activate the wadis 
along restricted segment of the coast, thus causing damage to the coastal roads and to the 
fringing reefs. 
Evaporation over the Gulf is about 400 cm/year (Reiss and Hottinger, 1984). The relative 
humidity in shore localities averages 30-55%. Over most of the Gulf wind blow along the main 
axes, predominantly from the north, switching abruptly to the southerlies in short gales of a 
few days duration and predictable seasons (Paldor and Anati, 1979). 
1.4.3. Oceanography 
Despite the fact that the Gulf of Aqaba is one marine unit, there are still certain differences in 
relation to its currents, temperature, salinity and coral reef communities which make the 
northern end different from the southern one and even the eastern side from the western side. 
Tides in the northern Gulf of Aqaba are semi-diurnal. However, a distinct diurnal inequality 
in the high and low tides has been reported by Hulings (1989) who described them as "mixed" 
rather than semi-diurnal. Extremely low tides have been reported every 10 years. When this 
happens the reef crest may expose during the daytime, it might kill most of the exposed corals. 
This prevents the coral population from maintaining a steady state (Reiss and Hottinger, 1984). 
The currents in the northern Gulf flow in a clockwise direction (Hulings, 1979). A reversal in 
direction is coupled with changes in wind direction, especially with prolonged southerly winds 
(Hulings, 1989). However, it was found that the currents on the Jordanian coastline (at a depth 
of 20-60 m) ran parallel to the eastern side with speed values of 5-10 cm/sec (Leger et al., 
1986). 
The Gulf is unusually quiet body of water, with clear visibility and little wave action 
through out the year. The high transparency is partly related to the absence of rivers or major 
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streams flowing into the sea. Thus there is a poor supply of mineral salts such as nitrogen or 
phosphorus compounds to the water keeping the planktonic primary production very low. 
However, the extensive sunlight and the warm water lead to the tremendous development of 
corals. Wind-borne sediments account for some input of suspended matter, nutrients and 
metals (Hulings, 1989). 
Seawater temperatures in the Gulf of Aqaba are higher in the north than in the south. The 
lowest water temperature occurs in early March (20.5°C), with the highest in August and 
September (27°C), and may reach 29°C in shallow coastal areas during the warm months 
(Hulings, 1979). There is a strong summer thermal stratification during the period April-
October and mixed water in winter during the period January-March. Short transition 
conditions prevail between the stratification and mixed seasons (Klinker et al., 1976; Badran, 
1996, Manasreh, 1998). 
The lack of regular fresh water and the high evaporation rate within the Gulf cause the 
particularly saline conditions and contribute significantly to the oligotroghic nature of Gulf 
system. The salinity in the Gulf of Aqaba is relatively high and ranges between 40-40.8%o, 
vertical salinity differences are very small (Klinker et al., 1976; Manasreh, 1998). 
Isohaline conditions exist in the upper 300 m during summer when waters of salinity 
40.5%o overlay waters of salinity 40.6-40.7%o. The upper isohaline water is restricted to the 
northern part of the Gulf. Whereas the deeper water extend all the length of the Gulf at a depth 
range 300-600 m. Below 600 m salinity is constant all over the year and along the Gulf at a 
value 40.8%o. In winter the halocline disappears and waters of salinity between 40.6-40.7%o 
comprised a thick layer between the surface and 600 m (Klinker et al., 1976; Manasreh, 1998). 
1.4.4. Coral reefs within the Gulf of Aqaba 
The Gulf of Aqaba is characterized by a high diversity of coral reef communities, which 
represent the northern limit (29°32'N) for reef corals in the western Indo-Pacific region 
(Schuhmacher et al., 1995). They are mostly of the fringing type, because the Red Sea and the 
Gulf of Aqaba are devoid of a true continental shelf and the offshore profiles are very steep, 
therefore the reefs are narrow and they closely follow the shorelines (Gvirtzman and 
Buchbinder, 1978). 
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Furthermore, uplifted Pleistocene coral reef terraces are distributed along the coasts of Gulf 
(Al-Rifaiy and Cherif, 1988). These reefs developed since 306 kyr ago (Reiss and Hottinger, 
1984) as a response to late Quaternary climatic fluctuations and eustatic sea level changes 
together with tectonic uplift rates of about 0.1 mm/year (Strasser et al., 1992; Gvirtzman, 
1994). These fossil corals can provide unique informations about the complete history of reef 
development, sea level and paleoclimatic changes in the area. 
1.5. Materials and methods 
1.5.1. Coral material 
The corals investigated in this thesis (Porites spp.) were recovered at the northern end of the 
Gulf of Aqaba (Figure 1.4). One colony (El-15) was collected in front of a narrow fringing reef 
off the Interuniversity Institute in Eilat (29°31'N and 34°56'E) at a depth of 15 in April 1996, 
while several colonies (Aq7, Aql9, Aq29 and Aq42) were collected from a depth transect in 
front of the Marine Science Station in Aqaba (29°27'N and 34°90'E). The transect was laid out 
on the reef between the reef flat and the deep fore reef down to 42 m, the coral colonies were 
collected at depths of 7, 19, 29 and 42 m in April 1999. 
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Figure 1.4. Map of the northern end Gulf of Aqaba showing the sampling locations of coral colonies from Aqaba 
and Eilat (stars) and sediment multicores (dots) examined in this study. 
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Coral colonies were harvested by SCUBA diving by removal of an upward growing columns 
(5-10 cm in diameter and 20 cm long) under water using hammer and chisel. After sampling, the 
corals were cleaned under high-pressure tap water to remove the residual organic matter and 
then dried under the sun for 24 hours. 
1.5.1.1. Stable isotope sampling 
All the columns of Eilat and Aqaba coral colonies were sectioned longitudinally into slabs of 
about 4-6 mm thickness parallel to the axis of maximum growth. The slabs were cleaned and 
X-rayed using industrial X-ray machine (Model Eresco 160 SLG), at 45 kV exposure 
conditions and Agfa Strukturix D4-film. Black and white prints of the X-radiographs revealed 
a clear skeleton density banding pattern of alternating bands of high and low density (Figure 
1.1) and were used to choose suitable sampling profiles. 
Two different approaches were used in stable isotope sampling depending on the desired 
temporal resolution. In order to attain high-resolution sampling, we followed the procedure of 
Patzold (1986). Samples for isotopic analysis were obtained by cutting small rods out of the 
skeleton slabs following the growth of a single corallite from the surface vertically down to 
4cm (Figure 1.1b). The rods were 2.5 mm in diameter, and 4-5 cm long containing minimum 4 
years of growth. Using a precision lathe with a low speed grindstone the rods were milled 
down in steps that varied between colonies from 125um to 500(j.m depending on the growth 
rate to produce a range of 26-52 samples/year. 
For coarse sampling resolution, samples were collected by low-speed drilling using a dentist 
drill with a 0.6 mm diameter bit. Distance between samples was about 1 mm and the drilling 
depth was 3 mm (Figure 1.1a). Using this procedure a number of 7 to 12 samples (in average 
9) per year were obtained along the maximum growth axis. 
1.5.1.2. Stable isotopes analysis 
For stable oxygen isotopic analysis, the powdered carbonate samples (100-200ug) were reacted 
with 100% orthophosphoric acid at 75°C to produce carbon dioxide. The isotope measurements 
were performed using an automated carbonate preparation device attached to a Finnigan MAT 
251 mass spectrometer at the stable isotope laboratory of the Geoscience Departement of the 
University of Bremen, Germany. 
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Results are given in the conventional 8 notation relative to the VPDB (Pee Dee belemnite) 
reference standard. The value of 8180 and 813C are: 
SsO(%o) = {tf80/60)samp,e- (180/60)stmdardJ/(18O/6O)standard}xl000 
tf3C (%o) = {[(,3C/12C)samph - (!3C/12C)slandardJ / (!3C/I2C)slandard}xl000 
The reproducibility (±o) is better than +0.07%o for 8 I80 and ±0.05%o for 813C based on 
replicate measurements of internal laboratory standard. 
1.5.1.3. Skeletal growth parameters 
The annual extension rates of the corals were determined from the seasonal cycle of 8 l80 as the 
distance from maximum 8 l80 value in a given year to the maximum value of the following 
year. The absolute bulk density was measured by gamma-densitometry on a Multi Sensor Core 
Logger (Geotek Ltd., UK) with a Cs137 source and 1 mm collimator at the Ocean Drilling Core 
Repository in Bremen. The method is based upon the attenuation of a gamma photon beam, 
depending on the thickness and density of the skeleton material (Chalker and Barnes, 1990). 
The coral slabs were placed on a computer-controlled conveyer belt underneath the collimator 
and moved in steps of 1 mm, calibrations involved 20 seconds to 5 minutes count, whereas 2 
minute counts were used when tracking a cross skeletal slabs. For bulk density calculations 
from gamma-counts, there exist a log-linear relationship between the attenuation of counts and 
the mass thickness (skeletal density * slice thickness). A specific mass attenuation coefficient 
was calibrated by a shell-cube of giant clam Tridacna, which consist of aragonite. The annual 
mean bulk densities were calculated from the seasonal cycles of density variations, which were 
measured along adjacent profiles nearby the drilled profiles. The calcification rate was then 
calculated as a product of linear extension and skeletal density (Chalker et al., 1985; Lough and 
Barnes, 2000) as follows: 
, calcification rate (gcm~2year~l) 
linear extension rate (cm year ) = -r 
bulk density (gem ) 
1.5.2. Sediment material 
During Meteor cruise M44/3 in 1999; sediment cores were taken from the Gulf of Aqaba and 
the Red Sea (Patzold et al., 2000). In this thesis, we have focused on three multicores sampled 
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at different water depths along a North-South transect from the northern end of the Gulf of 
Aqaba (Figure 1.4, Table 1.1). 
Table 1.1. Positions and water depths of the analysed sediment cores from the northern end of the Gulf of 
Aqaba. 
GeoB 
Number 
GeoB 5801-3 
GeoB 5807-2 
GeoB 5810-3 
Latitude Longitude Water Depth Sediment recovery 
N E (m) (cm) 
29°24.90' 34°54.70' 826 
29°28.81' 34°56.78' 646 
29°30.21' 34°57.73' 441 
40 
39 
35 
1.5.2.1. Foraminifera stable isotope analyses 
Sub-samples for faunal analysis were taken at 0.5 cm intervals from each multicorer. The 
sediments were wet sieved with sieves of 63 and 150|xm mesh size and dried in an oven at 
55°C. From the 150|0,m fraction 12-18 specimens of the planktonic foraminifera 
Globigerinoides sacculifer (without final chamber) and Globigerinoides ruber (white) of 350 
to 400 urn diameter (maximum extension) of species were used for stable isotope 
measurements. Analyses were carried out on a Finnigan MAT 251 mass spectrometer equipped 
with an automated carbonate preparation device at the stable isotope laboratory, Geoscience 
Department, Bremen University, Germany. Precision based on replicates of an internal 
limestone standard, was better than 0.07 %o and 0.05%o for 5180 and 813C respectively. Results 
are expressed in %o deviations from the VPDB standard. 
1.5.2.2. 14C AMS dating and calibration 
Accelerator Mass Spectrometry (AMS) 14C dating samples were taken from the top, 
intermediate and bottom parts of each multicore. About 700 to 1000 specimens of the 
Globigerinoides sacculifer and Globigerinoides ruber (250-500um) were hand picked for this 
purpose. While carbonate hydrolysis and CO2 reduction were performed in Bremen University, 
Germany, AMS measurements were carried out at the Leibniz-Labor for Radiometric Dating 
and Isotope Research at Christian-Albrechts-University, Kiel, Germany. 
The 14C AMS dating method is based on rate of decay of the radioactive carbon isotope 14C. 
This isotope is produced naturally in the atmosphere by nuclear reaction between slow cosmic-
ray neurons and the nucleus of stable 14N: 
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ln+»N-* l46C+\H 
where ^n is the neutron and ] H is the proton. 
The l4C atoms are then incorporated into the carbon dioxide molecules (14COa) which mixed 
rapidly throughout the atmosphere and hydrosphere and absorbed, by every living thing, 
whether plant or animal. However, when the organism dies the 14C stops being absorbed, and 
the l4C activity declines as a result of radioactive decay. The radioactivity is given by: 
A = Aae~A' 
where A is l4C measured activity (dm"!g"'), Ac is the initial activity, / is the time in year and X 
is the decay constant which equals In2/Libby half-life (5568 ±30years). 
All the ages obtained this study were calibrated and transformed into calendar years A.D. 
using the CALIB 4.3 calibration software. The values for A R of 100 years was used, this value 
corresponds to a reservoir age of about 420 years (Stuiver and Braziunas 1993; Stuiver et al., 
1998a; 1998b). 
7.5.3.3. Organic carbon, total nitrogen and carbonate analysis 
Sediment samples (sampling step 1 cm) were freeze-dried and ground for the determination of 
total carbon (Ctot) and nitrogen (Ntot), and total organic carbon (Corg) contents. Values were 
obtained by combustion at 1050°C using a Heraeus CHN-O-rapid elemental analyser (Miiller 
et al., 1994) at the Geoscience Department at Bremen University, Germany. For the 
determination of organic carbon, 25 mg aliquots of the dried sediments were weighted in a 
silver foil crucibles, wetted with a few drops of ethanol to suppress foaming during 
acidification, decalcified by drop wise addition of 6 N HC1, and dried on a hot plate at about 
80°C. Total carbon and nitrogen were determined on untreated sample aliquots (25 mg) using 
tin crucibles for weighting. The carbonate content of the samples was calculated from the 
difference between total and organic carbon and expressed as calcite [CaCCb = 8.33 * (Ctot -
Corg)]- All analyses were performed in duplicate and expressed in weight percent dry, salt-free 
sediment assuming a pore-water salinity of 40%o. The relative precision of the measurements, 
based on duplicates and control analysis of lab-internal reference sediment sample (WS1), was 
better than 3%. 
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1.5.3.4. Stable isotope analysis of organic matter 
The 513Corg of the sediment was measured with a Finnigan Delta E mass spectrometer and 
commercial Heraeus CHN-Rapid analyser interfaced by an automated trapping box at the 
Geoscience Department at Bremen University, Germany. The samples were prepared as 
described for total organic carbon measurements. 813C values are reported against the VPDB 
standard. Reproducibility for 813Corg measurements based on internal standards was better than 
0.15%o. 
1.6. Environmental data 
1.6.1. Seawater temperature and salinity records 
StowAway TidbiT temperature loggers (Figure 1.5) were deployed along the depth transect in 
front of the Marine Science Station at Aqaba in April 1999 next to the coral colonies at depths 
of 7, 19, 29 and 42 m. The loggers provided a continuous record of in situ temperature 
readings (1 hour interval) till June 2000. The accuracy of measurements for the temperature 
loggers was checked each 6 months by calibration against mercury thermometer, and it ranged 
between ± 0.10 and 0.15 °C. 
Figure 1.5. StowAway TidbiT temperature logger that was 
used in the study to provide high-resolution (hourly interval) 
continuous temperature records from different water depths 
and over long time period. 
Furthermore, Monthly measurements of sea surface temperature from Eilat between 1988-
2000 were obtained (Amatzia Genin, personal communication). The measurements were based 
on daily observations in the upper 20 cm of the water column with a pre-calibrated mercury 
thermometer (precision 0.1 °C) fixed in a bucket. Whereas, monthly temperature and salinity 
records from Aqaba were obained between 1997-2000 (Riyad Manasreh, personal 
communication). 
The measurements were based on biweekly observations and were performed in front of 
the Marine Science Station at Aqaba, in a fixed coastal station (from surface down to 50m 
deep) about 300m a way from the study transect, using a conductivity-temperature-depth 
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sensor (OS200 CTD) instrument. The precision of the CTD is better than ±0.001°C and 
±0.003%o for temperature and salinity respectively. 
1.6.2. Isotopic composition records of seawater 
Water samples for stable isotope analysis were collected by SCUBA divers periodically at a 
monthly resolution over 14-month period (April 1999 to June 2000). Along the depth transect 
from surface waters and from each depth (7, 19, 29 and 42m) 500 ml polyethylene bottles were 
filled with seawater next to coral colonies. Immediately after sampling, duplicate samples of 
100 ml of seawater were transferred into brown borosilicate glass bottles. For oxygen isotope 
analysis, water samples of the 100 ml were taken and stored without further treatment, while 
the other 100 ml samples were carefully poisoned with 1 ml of a saturated HgCb solution for 
carbon isotope analysis. Both bottles were sealed with melted paraffin and stored at 4°C till 
measurements were carried out. 
The stable isotope measurements followed the classical procedure of equilibration of water 
with CO2 at 25°C for the water l 80 analysis (Epstein and Mayeda, 1953); extraction of the total 
dissolved inorganic carbon as C02 from water by acidification with phosphoric acid for the -
§l3Csco2 analysis (Kroopnick, 1974). 
The isotopic data were obtained on a Finnigan Delta mass spectrometer at the Geoscience 
Department, Bremen University, Germany with a precision of 0.1 %o and 0.16%o for 8 I80 and 
o C respectively. The data are given as the per mil deviation of the O: O or C: C ratio R 
of the sample respectively relative to the VSMOW oxygen isotope standard (Craig, 1961; Hut, 
1987) and to VPDB carbon isotope standard (Craig, 1957). The 8180 values in VSMOW were 
converted to the VPDB scale by adding a constant of-0.27%o (Hut, 1987). 
8 = ^^xlOOO 
-^Standard 
1.7. Focus of this thesis 
Despite the general applicability of corals as paleoclimate proxies is uncontested, and corals 
can provide histories of large scale climate variability which are in some cases equivalent in 
quality and resolution to those derived from instrumental data, it is subjected to limitations, 
which may affect the reliability of the proxy particularly on the subannual time scale. However, 
calibration studies may serve to improve the accuracy of records obtained from these proxies. 
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Some of these limitations suggest that environmental signals obtained from corals are 
subjected to smoothing and distortion results from calcification throughout the thickness of 
coral tissue layer (Barnes et al., 1995; Taylor et al., 1995). Furthermore, it is often assumed 
that coral grow at a uniform rates which is probably not the case, the changes or interruption in 
coral growth rates on the annual time scales may change the absolute isotopic values (e.g., 
Land et al., 1975; Patzold, 1986; McConnaughey, 1989; Leder et al, 1996). Other studies 
found that some physiological effects might also change the environmental signals produced 
by corals (McConnaughey, 1989; Allison et al., 1996). Reducing the sampling resolution was 
also proposed to cause attenuation of the climatic signals obtained from corals (Leder et al., 
1996). 
In the Red Sea, the coral based paleoclimate studies are scarce (Klein et al., 1992; 1993; 
1997; Heiss, 1996; Heiss et al., 1999; Felis et al., 1998; 2000; Moustafa et al., 2000). Most of 
these studies have made there calibrations depending on one coral from certain depth with 
bimonthly/monthly resolution, and based on satellite (IGOSS) or gridded (COADS) sea surface 
temperature records without measurements of seawater 8180 variations (Klein et al., 1992; 
Heiss etal., 1999). 
The focus of this thesis therefore is to carry out a coral 8180 calibration study from the 
northern Gulf of Aqaba via in situ monitoring of seawater temperature (SST), salinity (SSS), 
and a regular water sampling for 51 O. The produced high-resolution time series data on the 
chemical and physical properties of seawater (SST, SSS, 8I3C, 8180) were utilized to assess the 
ability of Porites corals to accurately record environmental variations in order to examine the 
robustness of coral records and to constrain the environmental sources of the isotopic 
variations. Additionally, the thesis aims to evaluate the effect of some biological factors such 
as extension rate, density, calcification rate, tissue layer thickness and coral species that may 
change the environmental signals produced by corals and to establish acceptable 
81 O/temperature relation for the region. 
Moreover, the thesis focused on high-resolution paleoenvironmental data that may obtain 
from sediment records in such areas with high sedimentation rates that can document changes 
at decadal time scale. Therefore, the carbon isotope composition of planktonic foraminifera 
from sediment cores was used to track changes of seawater DIC during the last 1000 years and 
to detect the effect of anthropogenic CO2 increase in the atmosphere and in the northern Gulf 
of Aqaba waters. 
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1.8. Thesis structure 
The thesis consists of three manuscripts (Chapter 2-4) submitted to or already published in 
reviewed international scientific journals. The following gives a short overview of these 
manuscripts. 
Chapter 2 
Stable oxygen isotope records of corals from the northern Gulf of Aqaba: environmental 
and biological effects 
Puplished as: 
Al-Rousan, S., S., Al-Moghrabi, J., Patzold and G., Wefer, Stable oxygen isotope records of 
corals from the northern Gulf of Aqaba: environmental and biological effects. Marine Ecology 
Progress Series in press 2002. 
This manuscript evaluates the effect of environmental and some biological factors on the 
skeletal 81 O composition of two Porites coral colonies collected from the northern end of the 
Gulf of Aqaba. The results suggest that a large majority of the seasonal variations in coral 
oxygen isotope from the area can be explained by SST variations. However, coral 8180 was 
found to be growth dependent and a simple exponential model can explain the relation between 
the two variables. Furthermore, significant offsets in 5180 coral records from the two colonies 
are related to coral species differences. The manuscript discusses also the relation between 
some growth parameters with the skeletal o O values. 
Chapter 3 
Stable oxygen isotopes in Porites corals monitor weekly temperature variations in the 
northern Gulf of Aqaba, Red Sea 
To be submitted to Coral Reefs as: 
Al-Rousan, S., S., Al-Moghrabi, J., Patzold and G., Wefer, Stable oxygen isotopes in Porites 
corals monitor weekly temperature variations in the northern Gulf of Aqaba, Red Sea. 
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The article deals with high-resolution coral S180 records (weekly/biweekly) from the northern 
end of the Gulf of Aqaba, calibrated against high-resolution in situ temperature, salinity and 
isotopic composition of seawater measurements over 14 months from different water depths. 
Results show that high-resolution coral 8180 records from all depths were able to capture fine 
details of the weekly temperature records and were able to resolve more that 95% of the 
weekly temperature variations. However attenuation and amplification of the corals seasonal 
amplitudes were recorded in deep slow growing corals due to changes or interruption in coral 
growth rates on the annual time scales. Relations between seawater 8 I80 and salinity, and coral 
8180, seawater temperature and 8180 were also investigated. 
Chapter 4 
Invasion of anthropogenic CO2 recorded in planktonic foraminifera from the northern 
Gulf of Aqaba 
To be submitted to Earth and Planetary Science Letters as: 
Al-Rousan, S., J., Patzold and G., Wefer, Invasion of anthropogenic CO2 recorded in 
planktonic foraminifera from the northern Gulf of Aqaba 
The third manuscript deals with high-resolution (~10years) records of the stable carbon isotope 
composition of the planktonic foraminifera G. sacculifer from the northern Gulf of Aqaba 
during the last 1000 years. Results show a uniform and consistent planktonic 813C pattern 
before 1750s, and a gradual decrease of approximately 0.63%o in the last two centuries. This 
decrease seems to track the decrease of 81 CDIC in the surface waters that is mainly caused by 
the increase of anthropogenic input of 13C depleted CO2 into the atmosphere. Variations in the 
813C of organic matter also show a trend toward lighter values closely follow those of the 
foraminifera and support the interpretation. 
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CHAPTER TWO 
2. Stable oxygen isotope records of corals from the northern Gulf of Aqaba: 
environmental and biological effects 
("Marine Ecology Progress Series" In press 2002) 
Saber Al-Rousan (1' 2*\ Jurgen Patzold (1), Salim Al-Moghrabi(2) and Gerold Wefer(1) 
1
 Fachbereich Geowissenschaften, Universitat Bremen, D-28359 Bremen, Germany 
2
 Marine Science Station, P.O. Box 195, Aqaba, Jordan 
*email: alrousan@uni-bremen.de 
Stable oxygen isotope records of corals from the northern GulfofAqaba 21_ 
2.1. Abstract 
Monthly 8180 records of two coral colonies (Pontes cf. lutea and Pontes cf. nodifera) from 
different localities (Aqaba and Eilat) from the northern Gulf of Aqaba, Red Sea, were 
calibrated with recorded sea surface temperatures between 1988-2000. The results show high 
correlation coefficients between SST and 8180. Seasonal variations of coral 81 O in both 
locations could explain 91% of the recorded SST. Different 8180/SST relations from both 
colonies and from the same colonies were obtained, indicating that 8 O from coral skeletons 
were subjected to extension rate effect. Significant 8 I80 depletions are associated with high 
extension rates and heavier values with low extension rates. 
The relation between coral skeletal 8180 and extension rate is not linear and can be 
described by a simple exponential model. An inverse relationship extends over extension rates 
from 1 to 5 mm/yr, while for more rapidly growing corals and portions of colonies the relation 
is constant and the extension rate did not appear to have significant effect. We recommend that 
8 O values should be obtained from fast growing corals or portions where the isotopic 
disequilibrium is fairly constant (extension rate >5 mm/yr). 
The results show that difference in coral species may produce a significant 8180 profile 
offset between two colonies which is independent from environmental and extension rate 
effects. We conclude that skeletal extension rate and coral species have an important influence 
on coral 8180 and must be considered when using 8180 records for paleoclimatic 
reconstructions. 
2.2. Introduction 
Massive growing corals can be used as environmental recorder because their annual growth 
bands allow the reconstruction of accurate chronologies (Knutson et al., 1972). Massive 
hermatypic coral skeletons are excellent monitors of tropical water environments. Corals of 
this type live in the surface-ocean mixed layer, grow continuously at rates of several 
millimetres to centimetres per year, and during growth they incorporate isotopic species into 
their skeleton. 
The stable oxygen isotopic composition (8180) of hermatypic corals has been utilized in 
numerous reconstructions of past sea surface temperatures and salinities (e.g. Charles et al., 
1997; Gagan et al., 2000). Coral 818Q reflects a combination of local SST and the 818Q value of 
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ambient seawater (Epstein et al., 1953; Wefer and Berger, 1991). However, changes in coral 
growth rates may change the absolute isotopic values. The variations in extension and 
calcification rates have an impact on the fractionation of stable isotopes and have been a 
subject of discussion for a long time (Land et al., 1975; Goreau, 1977; Weil et al., 1981; 
Patzold, 1986; McConnaughey, 1989; de Villiers et al., 1995; Leder et a l , 1996; Allison et al., 
1996; Cohen and Hart, 1997). Significant skeletal 8180 depletion in faster growing areas of 
coral skeleton rather than slower growing areas has been reported for the first time by Land et 
al. (1975). Allison et al. (1996) observed in Pontes lutea from Phuket, South Thailand, that the 
growth rate/8I80 relationship is linear at all extension rates, while McConnaughey (1989) 
found this relation in Pavona clavus from Galapagos only in parts of corals extending at less 
than 5 mm/year. For more rapidly growing parts of the coral, extension rate did not appear to 
have a significant effect in 8180. 
Few studies have examined skeletal 8180 variations within and among species. From studies 
on corals from Kaneohe Bay, Hawaii, Grottoli (1999) found that 8180 values are constant with 
variable depth for a given species, and that this parameter exhibits interspecific variability. 
Species-specific offsets in S180 have been also reported by Weil et al. (1981) and Wellington et 
al. (1996). 
In this study we examined skeletal 8180 composition of two Porites colonies collected from 
the northern end of the Gulf of Aqaba at a depth of 19 m from Aqaba (Porites cf. lutea) and 
another colony from Eilat at 15 m (Porites cf. nodifera). To evaluate the effect of extension 
rate that is independent of the in situ temperature, variations of 8180 of seawater and specific-
species effects, samples for 8180 analysis were taken from each specimen along synchronous 
growth profiles with different extension rates. Previously published and unpublished coral 8180 
data from the area were also included in this study for comparison. However, results from this 
study can be used to evaluate and correct coral 8 O values obtained from modern and fossil 
corals for extension rate effects. 
2.3. Materials and methods 
The study is located at the northern end of the Gulf of Aqaba (Figure 2.1) which is the 
northward extension of the desert-enclosed Red Sea. The maximum depth of the Gulf is 1830 
m with 180 km long and 5-26 km width. Oligotrophic conditions prevail in the Gulf waters and 
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evaporation (350 cm/year) greatly exceeds precipitation (3 cm/year) (Reiss and Hottinger, 
1984). 
a 
Figure 2.1. Location map of the Gulf of Aqaba showing the collection sites (stars) of Porites spp. coral colonies 
from Aqaba and Eilat, northern Gulf of Aqaba. 
A column of a Porites cf. nodifera colony was collected in front of the Interuniversity 
Institute in Eilat (29°31'N and 34°56'E) at a depth of 15 m in April 1996 (El-15), while another 
column of Porites cf. lutea colony (Aq-19) was collected in front of the Marine Science Station 
in Aqaba (29°27'N and 34°90'E) at a depth of 19 m in April 1999. Both coral columns were 
sectioned along their longitudinal axes to obtain slabs of about 4 mm thickness. X-radiographs 
were prepared to reveal annual density bands for determining sampling profiles (Figure 2.2). 
Aragonite sub-samples were collected by low-speed drilling using a dentist drill with a 0.6 mm 
diameter bit. Distance between samples was about 1 mm and the drilling depth was 3 mm. A 
number of 7 to 12 samples (in average 9) per year from both corals were obtained along the 
maximum growth axis (main profile). In addition continuously sampling of stable isotopic 
profiles was drilled along lateral corallites from the sides of both colonies which showed low 
growth rate (Figure 2.2). 
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Figure 2.2. X-radiograph positive prints of the two coral slabs (Aq-19 and El-15) showing the skeletal density 
bands and the sampling profiles for stable isotope analysis (profiles A, B, and C) as indicated by the arrow heads. 
The isotopic composition of the samples was measured with a Finnigan MAT 251 mass 
spectrometer at Bremen University. All values are reported in per mil relative to VPDB. 
Average measurement precision for 8I80 was ±0.07 %o. 
The chronologies of both corals were constructed by designating the maximum 8180 value 
within each year as mid-March (the coldest month in the year according to recent SST records 
from Eilat and Aqaba). Linear interpolation of twelve equidistant values for the main profiles 
(six for the side profiles) per year between these maxima was applied, using AnalySeries 1.1 
software package (Paillard et al., 1996). This procedure provided a monthly and bimonthly 
sampling resolution. 
Absolute bulk density was measured by gamma-densitometry on a Multi Sensor Core 
Logger (Geotek Ltd., UK) with a Cs137 source and 1 mm collimator at the Ocean Drilling Core 
Repository in Bremen. The method is based upon the attenuation of a gamma photon beam, 
depending on the thickness and density of the skeleton material (Chalker and Barnes, 1990). 
Annual mean bulk densities were calculated from the seasonal cycles of density variations 
which were measured along adjacent profiles nearby the drilled profiles. 
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Monthly measurements of sea surface temperature from Eilat between 1988-2000 were used 
for comparison (Amatzia Genin, personal communication). The measurements were based on 
daily observations in the upper 20 cm of the water column (200 m distance to the site where 
the coral was collected) with a pre-calibrated mercury thermometer (precision 0.1 °C) fixed in a 
bucket. On the other hand, the monthly temperature record from Aqaba was obtained between 
1997-2000 (Riyad Manasreh, personal communication). The measurements were based on 
biweekly measurements in the upper meter of the water column using an OS200 CTD 
instrument (precision 0.001°C). The measurements were performed in front of the Marine 
Science Station, 300 m away from the coral site. 
2.4. Results 
2.4.1. Sea water temperature records 
No major significant differences were observed between recorded SST in Aqaba and Eilat. In 
both locations sea surface temperatures show the same regular seasonal cycle and having the 
same seasonal amplitude (5.5°C). It averages 23.6°C with maximum temperatures of 26.4°C 
(on average) in August/September, and minimum temperatures of 20.9°C (on average) in 
February/March (Figure 2.3). 
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Figure 2.3. Monthly-recorded sea surface temperatures in Aqaba between 1997-2000 (Manasreh, unpublished 
data) and in Eilat between 1988-2000 (Genin, unpublished data). 
2.4.2. Salinity and tfsO of sea water 
Seawater 8180 is related to changes in salinity as a response to changes in evaporation, 
precipitation and mixing of waters from different sources. This relation between 818Ow and 
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salinity is different from ocean to ocean. In the Red Sea a change of l%o salinity causes a 
change of 0.29%o in 818Ow according to Craig (1966) and Andrie and Merlivat (1989). At the 
northern end of the Gulf of Aqaba the salinity of the surface waters is close to 40.5%o and 
varies by less than 0.5%o throughout the year (Wolf-Vecht et al., 1992). 
Manasreh (1998) reported average minimum salinities of 40.34%o occur during winter 
(February) and maximum salinities of 40.56%o during summer (June). These minor variations 
in the surface seawater salinity throughout the year are considered to have little effect on the 
seasonal variation of the seawater 8180 (Klein et al., 1992) (0.225%o salinity =0.065%o 8180, 
Craig, 1966). Therefore, the seasonal 8180 variation in the coral skeleton of the northern Gulf 
of Aqaba should be mainly controlled by SST (Heiss et al., 1999). 
2.4.3. Calibration of <?80 in coral skeletons 
The x-radiograph positive prints of the coral slabs reveal a clear and regular skeletal density-
banding pattern. The alternating bands of high and low densities are annual as confirmed by the 
strong seasonal cycle in 8180. 
The comparison between local SST records and coral 8180 time series is a necessary first 
step in the calibration of coral 8180 records. The oxygen isotope profiles of both corals show 
well-organized cyclic variations along the axis of maximum extension rate (fast growing tops) 
(profiles E1-15A and Aq-19A) (Figure 2.4). 
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Figure 2.4. Stable oxygen isotope profiles from samples drilled vertically along the axis of maximum extension 
rate of Pontes cf. lutea coral from Aqaba and Pontes cf. nodifera coral from Eilat between 1987 and 1999. 
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8180 in the Aqaba coral ranged between -2.45 to -3.55%o with an average of -3.10%o and 
between -2.10 to -3.28%o with an average of-2.79%o in the Eilat coral. Each 8180 profile 
shows strong seasonal variations with similar amplitudes. These are on average 0.80%o in 
Aqaba and 0.83%o in Eilat. Both profiles correspond remarkably well to the monthly SST 
measurements in Eilat and Aqaba (Figure 2.5). The correlation coefficients are rather high and 
range between -0.84 in Eilat coral (in the time interval 1988-1995) and -0.81 from Aqaba 
coral (in the time interval 1995-1999). Unfortunately no instrumental temperature data were 
available from Aqaba during the period 1988-1995. 
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Figure 2.5. Comparison of monthly coral 8180 variations (from profiles drilled vertically along the maximum 
extension rate) with monthly recorded sea surface temperature at a) Aqaba and b) Eilat. 
Monthly records of 8180 in both locations from the main growth profile (E1-15A and Aq-
19A) were calibrated with recorded SST, and the following equations are the results of the 
calculations: 
SST (°C) = -5.93 08Ocomi) +4.63 r = -0.81 (99.5% level) Aqaba coral 
SST (°C) = -5.75 ($sOcoral) + 7.30 r = -0.84 (99.5% level) Eilat coral 
1 Q 
The o O/SST relationship from these equations varies between 0.168%o/°C from Aqaba and 
0.174%o /°C from Eilat coral. The correlation from the annual averages of the o O record and 
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the annual average SST of the two corals were low (-0.25 to -0.31) despite the annual 8180 
record follows that of the annual SST record. 
2.4.4. Extension rate and skeletal rf80 
Comparing the S180 records from Aqaba and Eilat (from the main profiles, E1-15A and Aq-
19A) in the period 1990-1995, the results show that Aqaba coral is several parts %o more 
depleted in 8180 than Eilat coral. The offset between the two colonies ranged between 0.27-
0.36%o with an average of 0.29%o, which appears to be constant over the length of all covered 
years (Figure 2.4). 
Annual extension rates were determined from the seasonal cycle of 5180 as the distance 
1 Q 
from maximum 5 O value (which represents the minimum recorded temperature) in a given 
year to the maximum value of the following year. The Eilat coral showed lower mean annual 
extension rates which ranged between 7 to 13 mm/year (11.2 mm/year in average), while it 
ranged between 12 to 21 mm/year (15.2 mm/year in average) in the Aqaba coral. 
We examined the relationship between annual extension rates and mean annual 8180 in 
Aqaba and Eilat. The 8180 values obtained along the slower extension rate profile (El-15A) 
were more enriched in 8180 than the faster extension rate profile (Aq-19A). 
2.4.5. Coral tfsO from synchronous growth profiles 
To evaluate the extension rate effect that is independent of the in situ temperature and 
variations on 5 O of seawater, 51 O samples were taken from each specimen along 
synchronous growth profiles with different extension rates. 
The bimonthly 8180 profiles from the slower growing sides of the Eilat coral (E1-15B and 
E1-15C) show strong seasonal variations with 0.82 and 0.89%o seasonal amplitude, which is 
similar to that obtained from the main profile from the same colony (El-15 A). 
The 8180 values from profile E1-15B ranged between -2.04 and -3.30%o with an average of 
-2.68%o which is heavier than that obtained from the main profile by 0.1 l%o (Figure 2.6a). The 
extension rate in this profile ranged between 2-5 mm/year with an average of 3.9 mm/year. 
Also 8180 values from E1-15C profile ranged between -1.75 to -2.87%o with average -2.23%o 
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which is 0.15%o heavier than that from E1-15B (Figure 2.6a). The extension rate in this profile 
ranged between 1.5 and 3 mm/year and averaged 2.3 mm/year. 
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Figure 2.6. a) Seasonal variation in 6lsO (VPDB) composition of Eilat coral along different profiles, b) Linear 
relation between 8180 and recorded sea surface temperature along different coral extension rate profiles (E1-15A 
(11.2 mm/year), E1-15B (3.9 mm/year) and E1-15C (2.3 mm/year)). 
A bimonthly 61 80 profile from the Aqaba coral (Aq-19C) with extension rates between 1 
and 2.5 mm/year (1.9 mm/year in average) was also obtained. 8180 values showed a seasonal 
amplitude of 0.73%o. Values ranged between -1.85 and -2.98%o and averaged -2.29%o, which 
is similar to that obtained from the slowest growth profile from Eilat coral (E1-15C), but is 
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higher by 0.8 l%o than the average value from the main profile from the same colony (Aq-19A) 
(Figure 2.7a). 
Calibration of 5180 from these profiles with recorded SST in bimonthly resolution, 
produced different 5180/SST equations (Figure 2.6b, 2.7b) which vary between 0.21%o/°C, 
0.25%o/°C and 0.24%o/°C with correlation coefficients of 0.69, 0.64 and 0.63 from Aq-19C, El-
15B, E1-15C, respectively. 
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2.4.6 Relation between growth variables 
Calcification rate was calculated as a product of linear extension and skeletal density (Chalker 
et al., 1985; Lough and Barnes, 2000). Calcification values along all profiles ranged between 
2.2-0.157 g/cm"2year with average 0.92 g/cm"2year, and decreases from the top to the sides of 
the colonies due to decrease in extension rate. 
The relations between density, extension and calcification rate from this study (Figure 2.8) 
are similar to the widely known growth relations from other studies (Wellington and Glynn, 
1983; Dodge and Brass, 1984; Scoffin et al., 1992; Lough and Barnes, 2000). Average annual 
extension was inversely correlated with average annual density (r=0.88) and significantly 
correlated with average annual calcification (r=0.98). Average skeletal density was inversely 
correlated with average annual calcification (r=0.84) and skeletal oxygen isotope (r=0.80). 
Thus, we conclude that variations in average annual calcification were mostly caused by 
variations in extension rate as found by Barnes and Lough (1993) and Lough and Barnes 
(2000). 
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Regression lines and correlation coefficients are shown. 
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2.5 Discussion 
2.5.1. Calibration of coral d^sO 
Our 8180/SST slopes from Aqaba and Eilat coral main profiles (0.168 and 0.174%o/°C) are less 
than the widely recognized values of 0.22%o for calcite (Epstein et al., 1953) and 0.23%o/°C for 
aragonite (Grossman and Ku, 1986) but they are quite similar to values determined by Gagan et 
al. (1994) for Pontes at a weekly resolution from the Great Barrier Reef (0.18%o/°C) and by 
Quinn et al. (1998) for a New Caledonia Porites on a monthly scale (0.172%o /°C). 
Felis et al. (1998) and Moustafa (2000) determined a value of 0.165%o/°C as the most 
reasonable one for calibration for Porites from Ras Umm Sid, Red Sea (using IGOSS 
temperature data set). Heiss et al. (1999) also found a value of 0.166 and 0.187%o/°C from 
monthly resolution in horizontal and vertical profiles from a Porites colony from Aqaba. 
For the annual time scale the correlation coefficient decreases to -0.25 and -0.31. Quinn et 
al. (1998) found the same situation in New Caledonia corals in which the correlation 
coefficient decreased from -0.87 in the seasonal time scale to -0.53 in the annual time scale. 
They explained this decrease due to salinity changes in which the seasonal variations in salinity 
are small compared to that for temperature, while the interannual changes in salinity are 
proportionally larger than seasonal changes. 
This may be also the situation in the northern Gulf of Aqaba. A regular measurement of 
seawater salinity for three years (1997-2000) showed no systematic annual pattern (Riyad 
Manasreh 2000, personal communication) and the average annual values differ from year to 
year. The interannual variations during this period are as much as 0.4%o compared to 0.225%o 
on the seasonal scale. The potential impact of 0.4%o interannual salinity variations on 81 O of 
Red Sea water and hence on coral 8 O is 0.12%o (after Craig, 1966). This effect could explain 
part of the difference of the seasonal and mean annual slopes of 8180/SST. 
The measured SST in Eilat and Aqaba reveal an average annual cycle of about 5.5°C. Using 
1 Q 
the gradient of 0.165%o/°C for coral 8 O-temperature dependence from the northern Red Sea 
(Felis et al., 1998; Moustafa, 2000), the average seasonal coral 8180 amplitude of 0.83%o 
would reflect a temperature change of about 5.0°C, which is about 91% of the average seasonal 
I D 
SST amplitude. The expected variation of 0.065%o o O of seawater (related to 0.225%o change 
in salinity) has a magnitude of 7.8% of the average seasonal coral 8 O variation. This 
indicates that a large majority of the variations in coral oxygen isotope data can be explained 
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by the sea surface temperature variations, and only a small fraction can be attributed to 8180 
variations of surface water. 
It is obvious from our results that different 5180/SST relations can be obtained from 
different colonies and within the same colony. These variations are most likely mediated by 
coral biology, which would be outlined in the next section. 
2.5.2. Extension rate effect on skeletal tf80 composition 
Both main 8I80 profiles from the two colonies (E1-15A and Aq-19A) show similar amplitudes 
(0.80 and 0.83%o) which implies that both corals respond similarly to environmental signals. 
The offset between the 8180 profiles which is about 0.29%o on average (more depleted 8180 
values in the Aqaba coral) does not reflect changes in temperature and/or salinity between the 
two sites (similar physical environment) and should be a biological mediated signal. 
Despite the profiles from the coral sides (E1-15B, C and Aq-19C) were sampled at lower 
resolution, we received more or less the same seasonal amplitude as that obtained from the 
main profiles at a monthly resolution sampling. Analysis of S180 along the main and 
synchronous growth profiles produced different trends in 8180 values (Figure 2.5, 2.6b, 2.7b). 
These results indicate that the 8180 values are subjected to extension and calcification rate 
effects, i.e. the faster growing profile (Aq-19A) is 0.29%o more depleted in 8180 than the 
slower growing one (El-15 A). Continuation of the heavier 8180 trend with slow extension rate 
was also observed from synchronous growth profiles from both colonies (Aq-19C, E1-15B, El-
15C). 
The relation between coral 8180 and skeletal growth rate from this study is not linear and 
can be explained by simple exponential model (Figure 2.9) 
Coral tf80 = -3.067 + exp [1.069 + (-0.744) *E.r] Aqaba coral r = 0.96 
Coral 880 = -2.795 + exp [1.016 + (-0.757) *E.r] Eilat coral r = 0.97 
Where E.r is the coral extension rate in mm/year, and 8180 in %oVPDB. 
Coral 8180 data from Aqaba and Eilat and from the same genus Porites with different 
extension rates S4 (6.8 mm/yr), MB30 (3.3 mm/yr), IS50 (2.0 mm/yr) and S6 (14.8 mm/yr) 
(Klein et al, 1993; Patzold and Klein unpublished data), Aq-193 (20 mm/yr), Aq-292 (5.3 
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mm/yr) and Aq-424 (3.5 mm/yr) (Al-Rousan, unpublished data) were also plotted in the same 
diagram (Figure 2.9). The data were fitted in the curve and supported the reliability of the 
exponential model. 
The inverse relationship between 5180 and extension rate from this model extends over 
growth rate 1-5 mm/yr as in, Aq-19C, Aq-292, Aq-424, E1-15B, E1-15C, MB30, and IS50. For 
more rapidly growing corals and portions of corals like in profiles Aq-19A, Aq-193, E1-15A, 
S4 and S6 (Figure 2.9) the relation is constant and the extension rate did not appear to have 
significant effect on coral 8180. 
CO 
Q 
al 
-
o U 
-1.Z) 
-2.0 
-2.5 
-3.0 
-3.5 
Nxx 
< 
i 
1 i 
• 
1 ' 
1 
1 
1 
; * 
• - • 
• 
• 
i 
• 
* 
i 
* 
• 
i 
i 
A 
X 
• 
• 
1 
1 
Aq-19 
Aq-193 
Aq-292 
Aq-424 
O O 
1 
l 
• El-15 
• IS51 
MB30 
S4 
* S6 
A 
-
1 
10 15 
Skeletal extension rate (mm/yr) 
20 25 
Figure 2.9. Exponential relationship between skeletal 8180 and skeletal extension rate of Pontes spp. colonies 
sampled along vertical (main axis) and horizontal (coral sides) profiles for corals collected from the northern Gulf 
of Aqaba, Red Sea. Data of IS51, MB30 and S4 are from Klein et al. (1993), S6 from Patzold and Klein 
(unpublished data), and Aq-193, Aq-292 and Aq-424 from Al-Rousan (unpublished data). 
These results are similar to the findings of McConnaughey (1989), who found an inverse 
relationship from Galapagos Pavona clavus corals that grew at rates less than 5 mm/year, and 
extension rate did not appear to have any significant effect at rates more than 5 mm/yr. Quinn 
et al. (1998) also found this negative correlation in New Caledonia corals and Allison et al. 
(1996) in corals from Phuket, South Thailand, but at all extension rates. Higher 8180 and Sr/Ca 
values in slower growing transects were reported by de Villiers et al. (1995) on Pavona clavus 
from Galapagos Island. In contrast, Leder et al. (1996) found that 8180 of rapidly growing 
portions (8 mm/year) of a colony was 0.1-0.2%o heavier than the slowest growing portions (1.1 
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mm/year) and explained this as a result of reduced sampling resolution in slower growing 
portions of the coral and not a result of variable kinetic effects. 
We conclude that growth rate has an important control on the isotopic composition of coral 
skeletons. Our results support the conclusion drawn by McConnaughey (1989), that the 
depletion of 8180 is characteristic for kinetic fractionation associated with rapid calcification, 
and the isotope disequilibria tends to be fairly consistent in rapidly growing parts of 
photosynthetic corals. For that reason we suggest that 8180 should be obtained from fast 
growing portions where the extent of isotopic disequilibria is largest, because isotopic 
disequilibria is too variable in slow growing parts. 
2.5.3. Calcification rate and species-specific effects 
As shown in Figure 2.9, a 8180 offset between Aqaba and Eilat colonies still exists. We 
calculated the calcification rate along the drilled profiles. Due to the high correlation between 
extension and calcification rate (Figure 2.8c) the relation between calcification and 8180 failed 
to explain the offset between the main 8180 profiles from the two colonies. A similar 
exponential equation was reproduced (Figure 2.10). We found that high extension profiles 
revealing low skeletal densities (Aq-19A) were depleted in 8180 compared to low extension 
profiles showing high densities (El-15A) which may have the similar calcification rate. 
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The offset between 8180 profiles cannot always be explained as a function of extension and 
/or calcification rate. For this reason both corals were taxonomically identified. We found that 
Aq-19, Aq-193, Aq-292 and Aq-424 are Porites cf. lutea which are depleted in S180 by about 
0.29%, compared to El-15 which belongs to Porites cf. nodifera species. Wellington et al. 
(1996) found that certain species are enriched or depleted in 8180 relative to other species from 
the same genus living under the same environmental conditions, where as Grottoli (1999) in 
Hawaii corals found that 8180 varies among species, species-specific offsets in 8180 have been 
also reported by Weil et al. (1981). The 81 O offset between coral species may reflect some 
genetic differences which alter the extent of isotopic disequilibria (Allison et al., 1996). 
The results from this study show that the linear extension rate and species variation should 
be considered when interpreting coral 8180 data for paleoclimatic studies. Further studies are 
also needed to study the variation of 8180 of other Porites species. 
2.6. Conclusions 
1 Q 
The high correlation between coral 8 O and recorded SST (-0.84) in both Aqaba and Eilat in 
the northern Red Sea suggests that a large majority of the seasonal variations in coral oxygen 
isotopes can be explained by the sea surface temperature variations, and only a small fraction 
can be attributed to 8180 variations of surface water. These results support the concept of using 
northern Red Sea corals as recorders of sea surface temperature variability. Interannual salinity 
variations in the Gulf of Aqaba (as recorded in recent studies) seem to be responsible for 
i o 
decreasing the correlation between coral 8 O and SST at the annual time scale. 
Different 8180/SST relations from two different colonies and also from the same colonies 
were obtained, indicating that 8 O of coral skeletons is subjected to an extension rate effect. 
Significant 8180 depletion is observed at high extension rates, and heavier values at low 
extension rates. The relation between 8 O and extension rate is not linear and can be explained 
by a simple exponential model, in which the inverse function extends over extension rates 1-5 
mm/yr. For more rapidly growing corals and portions of coral colonies, the relation is constant 
and the extension rate did not appear to have any significant effect on coral 8180. The offset in 
8 O profiles cannot be always explained as a function of extension and/or calcification rate 
and may result from coral species differences. 
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We suggest that 8180 values from Pontes corals should be obtained from fast growing 
corals or portions of the colonies (>5 mm/yr), where the isotopic disequilibrium is fairly 
constant. Skeletal extension rate and coral species should be considered when interpreting and 
comparing coral paleoclimatic data from various coral species with different extension rates. 
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3.1. Abstract 
To assess the ability of Pontes corals to accurately record environmental variations, high-
resolution (weekly/biweekly) coral 8 O records were obtained from four coral colonies from 
the northern Gulf of Aqaba, which grew at depths of 7, 19, 29 and 42m along one transect. 
1 8 
Next to each colony, hourly temperatures, biweekly salinities and monthly 5 O of seawater 
were continuously recorded over a period of 14 months (April 1999-June 2000). 
Contrary to water temperature, which shows a regular and strong seasonal variation and 
change with depth, seawater SlsO exhibits a weak seasonality and change with depth. Positive 
correlations between seawater 8 O and salinity were observed indicating that seawater 8 O is 
governed by changes in salinity. The two parameters were related to each other by the equation 
$80 Sealer (VSMOW) =0.281* SSS (%o) - 9.14. 
The high-resolution coral 8lsO records from this study show regular pattern of seasonality 
and are able to capture fine details of the weekly average temperature records. They resolve 
more than 95% of the weekly temperature variations. On the other hand attenuation and 
amplification of coral seasonal amplitudes were recorded in deep slow growing corals, which 
were not related to environmental effects (temperature and/or seawater 8180), or sampling 
resolution, but result from subannual variations in extension rate. Furthermore no smoothing or 
distortion of the isotopic signals was observed due to calcification within the tissue layer as 
suggested by earlier studies. The calculations from coral 8180 calibrations against the in situ 
measurements show that temperature (T) is related to coral S180 (8C) and seawater 81 O (8w) by 
the equation T = -5.38 * (Sc- 6%) -1.08. 
Our results demonstrate that coral 8180 from the northern Gulf of Aqaba is a reliable 
1 ft 
recorder of temperature variations and there is a minor contribution of seawater 8 O to this 
proxy, which could be ignored. 
3.2. Introduction 
Due to the relatively short temporal coverage of instrumental climate records, high-resolution 
proxy archives are increasingly used to study the climatic changes over decades or even 
centuries. Records preserved in corals, especially Porites spp., reliably yield continuous and 
quantitative reconstructions of environmental and climatic parameters, with monthly to weekly 
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resolution back to several hundred years ago. This is due in part to their annual growth bands 
that allow for the construction of accurately dated chronologies (Knutson et al., 1972). 
Isotopic measurements from coral skeletons have been widely used as a proxy of 
environmental conditions. The stable oxygen composition of coral skeletons have been utilized 
in numerous reconstructions of past sea surface temperatures and salinities (e.g. Patzold, 1984; 
Linsely et al., 1994; Charles et al., 1997; Gagan et al., 2000; Kuhnert et al., 2000; Felis et al., 
2000). Coral 8180 reflects the temperature and the oxygen isotopic composition of the ambient 
seawater in which the coral grew (Fairbanks and Dodge, 1979; Swart et al., 1983; Aharon et 
al., 1991; Wefer and Berger, 1991). 
In order to use corals to reconstruct paleotemperatures, it is necessary to clarify the relation 
between coral 8lsO and the recorded SSTs in respective sites. The slope of the linear 8180/SST 
relationship is similar in most calibration studies (McConnaughey, 1989; Gagan et al., 1994; 
Leder et al., 1996) and ranges from 0.18 to 0.20%o/°C. However the regression lines may 
offset. Most of these studies used gridded SST instead of the local measurements, which may 
affect the results of the reliability of the proxy on short time scale, due to short-term local 
climate signals incorporated in the coral 8180. Furthermore, seawater 8180 from these studies 
was not considered (Quinn et al., 1998) or assimilated to an annual value (McConnaughey, 
1989) or derived from salinity (Carriquiry, 1994). Studies including continuous records of reef-
site salinity and 81 O of seawater at similar time scale are very rare (Wellington et al., 1996, 
Leder etal., 1996). 
Although the general applicability of coral 8lsO as climate proxy is uncontested, it is subject 
to limitations, particularly on the subannual time scale. Modeling studies for coral 
skeletogenisis suggested that environmental signals obtained from corals are subjected to 
smoothing and distortion results from calcification throughout the thickness of coral tissue 
layer (Barnes et al., 1995; Taylor et al., 1995). However changes or interruption in coral 
extension rates may change the absolute isotopic 8180 values, in which more negative values 
associated with high-extended corals (Land et al., 1975; Patzold, 1986; Cohen and Hart, 1997). 
Other studies found that some physiological effects might also change the environmental 
signals produced by corals (McConnaughey, 1989; Allison et al., 1996). Reducing the 
sampling resolution was also proposed to cause attenuation of the climatic signals obtained 
from corals (Leder et al., 1996). 
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In the Red Sea, the coral based paleoclimate studies are scarce (Klein et al., 1992; 1993; 
1997; Heiss, 1996; Heiss et al., 1999; Felis et al., 1998; 2000; Moustafa et al., 2000). Most of 
these studies have made there calibrations depending on corals from one depth with 
bimonthly/monthly resolution, and based on satellite (IGOSS) or gridded (COADS) sea surface 
temperature records without measurements of seawater 8lsO variations (Klein et al., 1992; 
Heiss etal., 1999). 
Here we present a 14-month calibration study carried out on Porites spp. colonies collected 
in front of the Marine Science Station in Aqaba from a depth transect extended over 7,19, 29 
and 42 m depth. In order to examine the robustness of coral records, to check the ability of 
corals to preserve small changes in the annual temperature cycle and to constrain the 
environmental sources of the isotopic variations. We have measured in situ seawater 
temperature, salinity and isotopic composition of seawater over the period between April 1999 
to June 2000 from all four depths. These time series are compared against weekly/biweekly 
isotopic records obtained from coral skeletons that where collected along the depth transect. 
3.3. Oceanography and climate 
The Gulf of Aqaba is the northeastern extension of the desert-enclosed Red Sea (Figure 3.1a), 
which represents a unique northern hemisphere site where corals grow at up to 29.5°N. The 
Gulf is a semi-isolated basin separated from the Red Sea proper by the Straits of Tiran which 
are about 240 m deep. The maximum depth of the Gulf is 1830 m with 180 km length and 5-
26km width. 
It is located within the very warm portion of the Sahara bio-climatic zone. The climate is 
arid with high evaporation (~ 400cm/yr) and negligible precipitation (~ 2.2cm/yr) and runoff. 
The area is affected by the airflows from the Indian monsoonal trough and the Mediterranean 
low-pressure system (Hulings, 1989). The latter creates cooler and unsettled conditions during 
the period November through March. The mean sea surface temperatures are 23.5°C, and mean 
salinity values in the upper waters are 40.4-40.6%o (Manasreh 2001, personal 
communications). 
The physico-chemical environment of the Gulf waters shows strong seasonal fluctuations 
than do other subtropical seas. During summer (April-October), the water column is stratified 
and the surface layers are depleted in nutrients (Reiss and Hottinger, 1984). However, in winter 
(November-March) the thermocline disappears and deep convective mixing persists for several 
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months reaching 600m depth or more (Genin et al., 1995). During this period, the surface 
waters are enriched with nutrients brought up from deeper layers. 
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Figure 3.1. a) Map of the northern Gulf of Aqaba. The star indicates the sampling location near the Marine 
Science Station in Aqaba. b) Cross section along the reef transect in front of the Marine Science Station in Aqaba, 
the stars show the sites where corals and environmental data were collected. 
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Extremely oligotrophic conditions are prevailing in the Gulf due to the arid climate and 
because it receives its waters from the nutrient-depleted Red Sea surface water through the 
Straits of Tiran (Reiss and Hottinger, 1984). The deep light penetration and high transparency 
due to low amount of resuspended materials and fresh water flux (Levanon et al., 1979) results 
in extending the depth limit of hermatypic corals down to 130m as reported by Reiss and 
Hottinger (1984). 
3.4. Materials and methods 
3.4.1. Study area 
A steeply EW oriented reef slope transect was chosen at the northern tip of the Gulf of Aqaba 
(29° 27rN and 34° 90'E) in front of the Marine Science Station in Aqaba (Figure 3.1a). The 
transect was laid out on the reef between the reef flat and the deep fore reef down to 42 m. 
Scleractinian corals were distributed along this transect at all depths (Figure 3.1b). 
3.4.2. Environmental data 
Temperature loggers Stow A way TidbiT were deployed at each depth along the transect in 
April 1999 next to the coral colonies. The loggers provided a continuous record of in situ 
temperature readings (1 hour interval) during their deployment period (till June 2000). The 
accuracy of measurements for the temperature loggers was also checked each 6 months by 
calibration against mercury thermometer, and ranged between + 0.10 and 0.15 °C. 
During the study period, biweekly continuous measurements of seawater salinity were 
obtained (Manasreh, unpublished data); the record was measured in a fixed coastal station 
about 300m a way from the study transect from surface down to 50m deep using a 
conductivity-temperature-depth sensor (OS200 CTD). 
3.4.3. Isotopic composition of seawater 
Water samples for stable isotope analysis were collected by SCUBA divers at monthly 
intervals (April 1999 to June 2000). 500 ml polyethylene bottles were filled with seawater next 
to each monitored colony. Immediately after sampling, 100 ml of the seawater were transferred 
into brown borosilicate glass bottles without further treatment. The bottles were sealed with 
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melted paraffin to avoid air contamination and were kept in a refrigerator at 4°C until 
measurements were carried out at Bremen University. 
The measurements followed the classical procedure of equilibration of water with carbon 
dioxide of known 5180 at 25°C (Epstein and Mayeda, 1953). The isotopic data were obtained 
on a Finnigan Delta mass spectrometer with a precision of 0.1 %o. The data are given as the per 
mil deviation of the 180: 160 ratio R of the sample relative to the VSMOW oxygen isotope 
standard (Craig, 1961; Hut, 1987) 
8= ((R sample/R standard) -1) * 1& 
3.4.4. Coral samples 
On June 21 2000, four columns of Pontes spp. colonies Aq7, Aql9, Aq29 and Aq42 were 
collected along the monitored depth transect from 7, 19, 29, and 42m deep respectively. 
Colonies were harvested by SCUBA diving by removal of a heady shape columns (5-10 cm in 
diameter) under water using hammer and chisel. After sampling, the corals were cleaned under 
high-pressure tap water to remove the residual organic matter and then dried under the sun. 
The corals were sectioned longitudinally into slabs of 4mm thickness parallel to the axis of 
maximum growth. The slabs were cleaned and X-rayed using industrial X-ray machine (Model 
Eresco 160 SLG) and Agfa Strukturix D4-film. Black and white prints of the x-radiographs 
were used to choose suitable profiles of annual growth patterns. 
In order to attain high-resolution we followed the procedure of Patzold (1986). Samples for 
isotopic analysis were obtained by cutting small rods out of the skeleton slabs following the 
growth of a single corallite from the surface vertically down to 4cm. The rods were 2.5mm in 
diameter, and 4-5cm long containing minimum 4 years of growth, the sticks were rigid enough 
and there was no need to soak them in resin. 
Using a precision lathe with a low speed grindstone the rods were milled down in steps that 
varied between colonies from 125um to 500um depending on the growth rate to produce a 
range of 26-52 samples/year (Table 3.1). 
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Table 3.1. Annual skeletal extension rate, and number of samples drilled per year for coral colonies in this study. 
Coral | Extension rate 1 Number of 
sample I (mm/yr) j Samples/yr 
! Aq7 
Aql9a 
Agl9b^ 
Ag2? 
1 Aq42 
10 36 
20 52 
20 40 
5.4 42 
3.5 26 
For stable oxygen isotopic analysis, the powdered carbonate samples (100-200(ag) were 
reacted with 100% orthophosphoric acid at 75°C to produce carbon dioxide. The isotope 
measurements were performed using an automated carbonate preparation device attached to a 
Finnigan MAT 251 mass spectrometer. Results are given in the 5 notation relative to the VPDB 
isotopic standard. The reproducibility (±os) for 5 O is better than ±0.07%o based on replicate 
measurements of internal laboratory standard. 
To construct an age model for the coral isotope chronologies, AnalySeries 1.1 software 
package (Paillard et al. 1996) was used to convert the distance units into time scale units using 
features in the coral 6180 records which could clearly be matched with the same events in the 
weekly/biweekly instrumental temperature records (wiggle matching) and locking these at their 
corresponding dates (Alibert and McCulloch, 1997). The lowest 5180 values of each annual 
cycle were tied to the highest temperature (August) values and the highest tied to the lowest 
temperature values (March). About six additional tie points per year were added by this way in 
addition to the date of coral collection. Time between these points was interpolated. 
3.5. Results 
3.5.1. Seawater temperature 
Daily, weekly, biweekly and monthly average temperatures were calculated from the hourly-
recorded measurements from the four depths (Table 3.2). All records show similar, well-
organized and strong seasonal pattern which characterized by short spikes of ~1 °C on the daily 
temperature record (Figure 3.2). Mean annual temperature range based on daily average for the 
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year (1999-2000) was 7.13°C with a maximum temperature of 27.91 °C, which falls in August 
and minimum of 20.78 °C in March. 
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Figure 3.2. Time series of instrumental sea water temperature at 7m depth from the study sites, the averages are 
based on hourly temperature measurements using temperature loggers between April 1999-June 2000. 
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Table 3.2. Mean annual range of seawater temperatures calculated from hourly measurements along the depth 
transect between August 1999 and March 2000 
Water Depth 
(m) 
7 
19 
29 
42 
h-~"- ................ 
Average 
Daily 
(°C) 
7.69 
7.44 
6.93 
6.44 
7.13 
Weekly 
(°C) 
7.00 
6.64 
6.29 
5.84 
6.44 
Biweekly 
6.73 
6.58 
6.25 
5.67 
6.31 
Monthly j 
(°C) | 
6.05 
5.88 
5.59 
5.10 
5.66 
3.5.2. Seawater salinity 
Contrary to water temperature, salinity during the study period exhibits a weak seasonality and 
change with depth (Figure 3.3). Average salinity is close to 40.4%o and shows variations less 
than 0.3%o through the year. The average minimum salinities of 40.28%o were recorded during 
winter (March 1999) and maximum salinities of 40.56%o during summer (June 2000). Due to 
water stratification in summer, lower salinities were observed in deep waters (42m) between 
June and September (Figure 3.3). 
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Figure 3.3. Seasonal variations of seawater salinity (p.s.u.) at four depths recorded in coastal waters from the 
northern Gulf of Aqaba between the period April 1999-June 2000. 
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3.5.3. Isotopic composition of seawater 
Based on the monthly sampling over 14 month, the average 8180 value of seawater at our 
sampling sites is about 1.86%o relative to VSMOW (Vienna Standard Mean Ocean Water) 
reference standard, and the values range between 1.75-2.0%o (Figure 3.4). 
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Figure 3.4. Seasonal variations in seawater 8180%o (relative to VSMOW) at the coral sites based on monthly 
sampling between April 1999-June 2000. The lines represent three points running averages. 
A weak and instable seasonal pattern is observed, with minor variations between depths 
(Figure 3.4). Three points running averages were applied for the data to make the pattern 
clearer. The highest values were observed between July and September in shallower depths, 
while low values in deeper depths and during winter (Figure 3.4). 
3.5.4. Skeletal tf80 composition 
All 81 O profiles from the four coral skeletons recorded the same regular seasonal pattern and 
timing of small variations although they were sampled at different resolutions (Figure 3.5). 
These patterns are similar and matches closely the recorded temperature cycle. Short period 
(less than 2 weeks) and magnitude (0.2%o) temperature excursions or spikes were also recorded 
in all corals (Figure 3.5). 
The average coral 8lsO composition ranges between -1.99 and -3.75%o and averages are 
-3.16%o, -2.92%o, -3.00%o, and -2.72%o for corals Aq7, Aql9, Aq29 and Aq42, respectively. 
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Seasonal amplitudes were determined from the seasonal cycle of 8 O as the difference 
between minimum 8lsO value (in August 1999) and the maximum value (March 2000). The 
mean of all corals is 1.1 %o, with averages for the individual colonies of l.l%o, 1.2%o, 0.85%o 
and 1.26%o for corals Aq7, Aql9, Aq29 and Aq42, respectively. 
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Aq42), and 
42m. 
Time series of 8180 profiles sampled at different resolutions form corals (Aq7, Aql9a, b, Aq29 and 
weekly/biweekly average temperature records taken along the depth transect from depths 7, 19, 29 and 
Average annual extension rates were also measured as the distances from maximum 8 I80 in 
1999 to the maximum value in 2000. Corals from deep waters (Aq29, Aq42) showed lower 
mean annual extension rates, which ranged between 3.5 to 5.4 mm/year (Table 3.1), while 
extension rate ranged between 10 to 20 mm/year in shallow corals (Aq7, Aql9). 
From the mean temperature 23.42°C and 8lsO seawater (1.59%o VPDB which was 
converted from VSMOW using the correction of -0.27%o, Hut, 1987) at the four sites, the 
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theoretical 8180 of the coral aragonite can be estimated (using the equation of Grossman and 
Ku, 1986). The values averaged 0.96%o, which indicate that our corals are depleted by about 
3.91%o from isotopic equilibrium. 
3.6. Discussion 
3.6.1. Seawater temperature 
A thermal stratification of the water mass in the fore-reef in summer (between June and 
November) was observed from the temperature records. The shallow waters (7m) are about 
1.2°C warmer than waters at deeper depths (42m) based on weekly data, in November the 
stratified layer began to disappear and mixing of the water column is prevailing till May 
(Figure 3.6). 
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Figure 3.6. Weekly seawater temperature averages based on hourly measurements recorded along the depth 
transect from 7, 19,29 and 42m deep, using temperature loggers over the period April 1999-June 2000. 
3.6.2. Salinity and tf80 of seawater 
Salinity and S180 varied due to enrichment due to evaporation, depletion due to precipitation 
and runoff and mixing due to advection and diffusion (Delaygue et al., 2001). In the northern 
Gulf of Aqaba fresh water input due to precipitation and runoff is negligible; therefore the 
variation in salinity and 8180 of seawater is the result of high evaporation (4m/yr, Reiss and 
Hottinger, 1984) and advection and diffusion of the water. 
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According to our monthly 8I80 of seawater and near biweekly salinity measurements, we 
found a positive correlation between salinity and 8 O of seawater (Figure 3.7a). The relation 
can be expressed as follows: 
B80w =0.281* S(%o)- 9.14 (r=+0.60) 
Where S is salinity (given in p.s.u) 8180
 w is expressed relative to VSMOW. 
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Figure 3.7. A) Linear regression of seawater 8180%o (relative to VSMOW) versus seawater salinity (p.s.u.) from 
the northern Gulf of Aqaba. B) Surface water 8180%o/salinity regressions from the Red Sea, data from Delague et 
al. (2001) and Andrie and Merlivat (1989). Data from this study were also included for comparison. 
The relation shows that the 8180 of seawater is governed by salinity changes, and it 
compares with those previously reported by Craig (1966), Andrie and Merlivat (1989), 
Ganssen and Kroom (1991), and Delaygue et al. (2001) from the Red Sea. Some of the data are 
plotted in Figure 3.7b. 
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The relatively weak correlation (+0.60) in our results compared to those reported in the 
earlier studies, are explained by the narrow range of measured 8180 and salinity. The salinity 
range in the northern Gulf of Aqaba is 40.28-40.56%o, while it ranges between 35.6 and 40.8%o 
in the Red Sea proper. 
Since our results of seawater S180 were scattered (Figure 3.4) and measurements were 
collected in a monthly resolution, weekly/biweekly values of the seawater 8 O were derived 
based on the above equation and the biweekly salinity measurements in order to correspond to 
the coral 8180 sampling resolution. For the calculations of the synthetic coral 81 O in corals 
Aql9 and Aq29, the derived values of seawater 8180 were interpolated to weekly resolution 
assuming that no significant changes in 8 O of seawater will take place over one week time 
interval. 
3.6.3. Synthetic coral tf80 
We have examined most of the paleotemperature equations in the literature to construct a 
synthetic coral 8180. The equation derived from Galapagos Porites corals (McConnaughey, 
1989) was selected, because the seasonal amplitudes calculated from this equation were closest 
to our measured seasonal amplitudes (differ on average by about 0.2%o) and most of the 
features in the synthetic and measured 8180 were well matched (Figure 3.8). The relation was 
expressed as: 
4 - 4 = 0.594-0.209*T 
where 8C: is the oxygen isotopic composition of coral skeleton in %o relative to VPDB, b^: 
oxygen isotopic composition of seawater in %o relative to VPDB, T: recorded sea water 
temperature in °C 
Seawater temperature and 8180 were averaged to the same resolution as they correspond to 
the coral 8180 resolution. Biweekly values were used for corals Aq7 and Aq42, while for Aql9 
and Aq29 weekly values were used. The predicted 8180 records derived were compared with 
the measured values over the interval 1999-2000. Both records were in a good fit, as seen in 
the small excursions that appear in both records (Figure 3.8). These excursions are also present 
in the temperature record. 
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The seasonal amplitudes predicted from this equation were 1.41%o, 1.38%o, 1.34%o and 
1.19%o for corals Aq7, Aql9, Aq29 and Aq42, respectively (Table 3.3). The measured seasonal 
amplitudes are lower by about 0.2%o with the predicted values using McConnaughey equation. 
Table 3.3. Measured and predicted coral 8180 seasonal amplitude using the paleotemperature equation from 
McConnaughey (1989), and the equation obtained from this study 
Coral 
sample 
Aq7 
Aql9a 
Aql9b 
1 Predicted seasonal Predicted seasonal Measured seasonal !: . 
amplitude (%o) amplitude (%o) 
ampiu e( o) j j ^ c C o n n a ^ h e j ^ 8 ^ j ^JThis studv)^ 
1.10 || 1.41 1.21 
1.15 1! 1.38 || 1.19 
1.10 1.38 || 1.19 
1 Aq29 || 0.85 [I 1.34 || 1.15 
Aq42 || 1.26 1.19 || 1.04 
1 Average |] 1.10 || 1.33 | 1.15 
Instrumental temperature records indicate that the seasonal amplitude at 42m is 1.2°C 
smaller compared with 7m depth. Accordingly, the predicted amplitude in coral 8180 decreases 
by about 0.2%o from 7 to 42m (Table 3.3). Unfortunately we are not able to detect this decrease 
in the seasonal amplitude in our corals 8 I80. 
Using the available data from our sites, we have calculated the relations between 
temperature and the isotopic difference between coral and seawater for each coral (Figure 3.9). 
The relations can be expressed as follows: 
T =-5.65 *(SC-SW)-3.11 
T = -5.33 *(SC-SW)-0.93 
T = -5.24 *(SC-SW)- 0.14 
T =-6.62 *(dc-5w)-6.76 
T•= -3.82 *(SC-5W)- 0.83 
r
z
=0.95 for coral Aq 7 
for coral Aq 19a 
for coral Aq 19b 
for coral Aq29 
for coral Aq42 
r=0.93 
r
2
=0.92 
r
2
=0.94 
r
2
=0.83 
where 8C is the oxygen isotopic composition of coral skeleton in %o relative to VPDB and 8w is 
the oxygen isotopic composition of seawater in %o relative to VPDB, values of seawater 5 O 
were converted to VPDB using the correction of -0.27%o (Hut, 1987). T is the recorded 
seawater temperature. 
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Figure 3.8. Comparison between measured and predicted coral 5180 values for corals: a) Aq7, b) Aql9a, b, c) 
Aq29 and d) Aq42. The predicted values are based on continuous in situ sea temperature and 8180 of seawater 
measurements between April 1999-June 2000 from the northern Gulf of Aqaba. The arrows indicate common 
peaks between both records, and the dotted bars indicate the parts occupied by tissue layer. 
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The slopes of the equations does not differ significantly from one another indicating the 
robustness of the relation; they change from 5.65°C/%o to 5.33°C/%o and 5.24°C/%o to 
6.62°C/%o for corals Aq7, Aql9a, Aql9b, and Aq29 respectively. The difference of the slope 
in coral Aq42 (3.82°C/%o) was probably caused by the difference in 8180 values in winter 
skeletal portion (Figure 3.9); this might be attributed to difference in seasonal extension rates 
(Morimoto et al., 1997; Suzuki et al., 1999) that will be discussed later. Therefore, we 
calculated an average temperature/81 sO equation from all corals, but excluded coral Aq42 to 
calculate synthetic coral 81 O. 
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Figure 3.9. Relationship between 518Oc - 818Ow and recorded in situ temperatures for corals Aq7, Aql9a, b, Aq29 
and Aq42. The overall obtained equation is represented by the thick line and it is as follows: T = -5.38 * (5C - 8W) -
1.08 in which 8C is the oxygen isotopic composition of coral skeleton in %o relative to VPDB, 8W is the oxygen 
isotopic composition of seawater in %o relative to VSMOW and T is the recorded seawater temperature. 
The slope of the equation was 5.38°C/%o (0.186%o/°C) which is less than the widely 
recognized value of 0.22%o/°C (Epstein et al., 1953; Grossman and Ku, 1986), but similar to 
that determined by Gagan et al. (1994) for Pontes corals from the Great Barrier Reef and Qunn 
et al. (1996) from New Caledonia corals. 
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3.6.4. Corals seasonal amplitude 
By using our equation we are able to predict the seasonal coral 8180 amplitudes (Table 3.3) for 
the shallow corals, which is close to the measured ones. However the equation fails to capture 
the measured seasonal amplitude in deeper corals (Aq29 and Aq42) although the predicted and 
measured curves were well matched (Figure 3.8). 
The expected seasonal amplitude calculated from temperature and seawater 8180 variation 
at 29m depth is 1.15%o, which is considerably larger (0.3%o) than the measured value of 
0.85%o, this difference is equivalent to a difference in temperature of 1.6°C. This attenuation of 
the seasonal amplitude cannot be explained by temperature which decreases in summer by 
1 Q 
about 0.7°C from 7 and 29m (equal 0.13%o), and also seawater 5 O variations can be 
neglected. Barnes et al. (1995) explains this reduction in amplitude as a result of smoothing of 
environmental signals due to spine thickening and this was not the case in our corals, as we 
will explain later. Rather, we suggest that the attenuation is due to variations of the skeletal 
extension rate during the year. 
Many studies have considered a constant coral extension rate during the year. However, 
skeletal coral 81 O may be influenced by the seasonal variations in extension rate (Wellington 
et al, 1996; Alibert and McCulloch, 1997; Barnes et al., 1995). 
Comparing the predicted and measured records from this coral (Aq29), it is obvious that the 
maximum 8180 values (winter values) fit together, while the measured values show more 
positive minima of 81 O values (summer values) compared to the predicted ones. Based on our 
age model we have reconstructed the seasonal variations in coral extension rates. The results 
for Aq29 coral show a sharp decrease or slow down in extension rate from July-September 
at/or near the annual minima (Figure 3.10), which may gives more positive oxygen isotope 
composition during summer according to the inverse relationship between extension rate and 
coral 8180 (Land et al., 1975; Allison et al., 1996), or this portion of temperature record are 
underrepresented, or the individual sampling may include material deposited over a greater 
time period than is indicated by the sampling resolution and then attenuated the seasonal 
amplitude as suggested by Leder et al. (1996) and Morimoto et al. (1997). 
On the other hand amplified or expanded seasonal amplitude in coral Aq42 was observed 
(Table 3.2). This amplification is due to the more positive coral 8180 values recorded during 
winter 2000 compared to other profiles (Figure 3.10) as seen also from the regression line 
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equation in (Figure 3.9). This was not a result of environmental factors (temperature and/or 
5180 seawater, compared with instrumental records), or the effect of sampling resolution, and 
may result from the subannual variations in extension rate. 
This coral (Figure 3.10) shows a reduction in extension rate during winter, which causes 
these positive values and therefore increased the seasonal amplitude. The same situation was 
also reported by Klein et al. (1996) and Alibert and McCulloch (1997) from corals and 
bivalves. 
1999.2 2000.4 1999.2 2000.4 
-4.0 
2000.4 1999.2 2000.4 
Figure 3.10. Monthly variations of growth rates in mm/month (dotted bars), and 8lsO record for corals: a) Aq7, b) 
Aql9, c) Aq29 and d) Aq42 between April 1999-June 2000. The arrows indicate periods of relatively slow growth 
rates, which affected the measured 5lsO seasonal amplitudes. Values of growth rates were calculated based on the 
age model outlined in the method section. 
Results from this study agree with those reported by Leder et al. (1996), who found that it 
would be impossible to record the true annual 8 lsO maxima and minima in slower growing 
corals or if coral extension rate is not constant or interrupted during the year. deVilliers et al. 
(1995) also show a strong dependency of the skeletal chemistry on extension rate in corals 
from deeper depths 
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In the following we use the relation between temperature and coral SI80 from our corals 
(0.18%o/°C). The average seasonal amplitude of the corals (1.10%o) is equivalent to about 
6.1°C change in temperature, which is about 95% of the actually observed weekly temperature 
variations. The seasonal variations in seawater 8180 have minor impact on coral 8180 and are 
neglected. 
The weekly sampling resolution (Aql9a) could explain 96% of the weekly temperature 
variations, and nearly the full range of the biweekly and monthly temperature variations. 
Whereas biweekly resolution (Aq7) captured 87% of the weekly temperature variations, 91% 
of the biweekly temperature variations and the full range of the monthly temperature variations 
(Table 3.4). 
Table 3.4. Percent of seawater temperature variations explained by coral 51 O during the period August 1999 and 
March 2000 from the northern Gulf of Aqaba corals 
Coral 
l 
; 
Sample 
Aq7 
Aql9a 
Aql9b 
LAa29_ 
Aq42 
Samples/year 
36 
52 
40 
42 
L 26 I 
Explained 1 
T(°C) 
6.1 
6.4 
6.1 
4.7 
7.0 
Weekly 
(%) 
87 
96 
91 
75 
>100 
Biweekly 
(%) 
„ 
91 
97 
93 
75 
>100 
Monthly 
(%) 
100 
>100 
>100 
84 
>100 
These results are similar to those obtained by Leder et al. (1996) who found that weekly 
resolution is necessary to capture the weekly temperature range, and that biweekly resolution 
still accounts for more than 80% of the weekly variation. Comparing the seasonal amplitudes 
between corals Aq7 and Aql9a, Aql9b it seems that there is no attenuation of the isotopic 
signals observed between weekly and biweekly sampling resolutions. 
3.6.5. The effect of tissue layer 
Previous studies (Barnes and Laugh, 1992; Barnes et al., 1995; Taylor et al., 1995) suggested 
that coral 8180 signals are subject to smoothing and distortion as a result from calcification 
throughout the thickness of the coral tissue layer, which may affect the geochemical record of 
both sudden pulse events and annual climate cycles. 
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The tissue layer of our corals were about 4, 4, 3.8 and 3 mm thick, equivalent to a growth 
period of 4.8, 2.4, 9.1 and 9.6 months for corals Aq7, Aql9, Aq29 and Aq42, respectively 
(Figure 3.8). Although the measured transects were partly within the tissue layer, 8180 from 
samples within this tissue layer match closely the recorded temperature cycle, and the 
temperature excursions were precisely preserved in coral 8180 (Figure 3.5). 
The annual weekly temperature variations preserved in the 8180 of corals Aq7 and Aql9a, b 
are in excellent agreement with the predicted values (Table 3.3). The reduced and expanded 
seasonal amplitude of Aq29 and Aq42 coral 8180 are due to variable interannual coral 
extension. 
All these provide evidences against Barnes" model and allow us to conclude that our corals 
accurately record changes in their ambient seawater, and the effect of tissue layer is minimal 
and negligible as found by Gagan et al. (1994), Wellington et al. (1996) and Alibert and 
McCulloch(1997). 
3.7. Conclusions 
High sampling resolution from this study confirms the ability of Red Sea corals to accurately 
preserve short period and magnitude temperature variations. Weekly/biweekly sampling 
resolution of coral 8180 was able to resolve more than 95% of the weekly/biweekly 
temperature variations. 
In contrast to instrumental temperature records, which show strong seasonal variations 
(7°C) and change with depth, seawater 8180 exhibits a weak seasonal pattern with variations 
less than 0.25%o (VSMOW). Positive correlations between seawater S180 and salinity were 
also obtained, and despite the data represent a limited area from the Red Sea with narrow 
• o I R 
ranges in salinity and seawater 8 O variations, it shows a relation similar to that reported from 
the Red Sea proper, and can be expressed by the equation: 
tf80Seawater (VSMOW) =0.281 * SSS (%o) - 9.14 
Coral 8 O from the four colonies were calibrated against in situ measurements of 
temperature and seawater 8180, all corals show similar 8180/SST slopes and the equation was 
expressed as: 
T=-5.38*(SC-SW)-1.08 
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where 8C is the oxygen isotopic composition of coral skeleton in %o relative to VPDB, 8W is the 
oxygen isotopic composition of seawater in %o relative to VSMOW and T is the recorded 
seawater temperature. 
The attenuation and amplification of the measured coral seasonal amplitudes in deep and 
slow growing corals were due to seasonal variations in extension rate and not a result of 
environmental factors, different sampling resolutions or secondary thickening of skeletal 
elements within the tissue layer. No evidence of smoothing or distortions of the isotopic signals 
within the tissue layer as suggested by earlier studies were present in our corals. 
In conclusion our results demonstrate that Red Sea Pontes corals are real recorders of their 
environment, and the coral 8180 reflecting temperature variations and seawater 8 I80 seems to 
have negligible effect. 
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4.1. Abstract 
The stable carbon isotopic composition of the planktonic foraminifera (Globigerinoides 
sacculifer) and sedimentary organic matter from the northern Gulf of Aqaba have been 
investigated to estimate changes in 813CDIC in surface waters during the last 1000 years. The 
high sedimentation rates at the core sites (about 50cm/kyr) provide high temporal resolution 
(10 years). Recent sediments in the uppermost top of the cores reflect present day conditions. 
The 8 C record of the planktonic foraminifera from three multicores display similar trends, 
showing a uniform and consistent S13C pattern before the 1750s, and a gradual decrease of 
approximately 0.63%o over the last two centuries. This decrease seems to track the decrease of 
813CDIC in surface waters, which is mainly caused by the increase of anthropogenic input of 
13C-depleted CO2 into the atmosphere. Similarly, a trend toward lighter values of the carbon 
isotopic composition of sedimentary organic matter (8I3Corg) during the last 200 years support 
the interpretation obtained from the planktonic foraminifera S13C. 
Furthermore, direct measurements of seawater show that 513C of the dissolved inorganic 
carbon (DIC) at the northern Gulf of Aqaba has decreased by about 0.44%o during the period 
1979-2000. The average annual decrease is 0.02 l%o which is similar to that recorded in the 
Pacific Ocean. 
The 813C values of planktonic foraminifera combined with organic matter 813C from marine 
sediments allow good indicators to reconstruct past changes in atmospheric C02 concentrations 
from the northern Gulf of Aqaba. 
4.2. Introduction 
Over the past 100,000 year, the CO2 concentration varied naturally by less than 80 ppm as 
indicated by ice cores records (Barnola et al., 1987). In the last 1000 years, before the 
industrial revolution the concentration was relatively stable, fluctuated by about ±10 ppm 
around 280 ppm (Friedli et al., 1986; IPCC, 1996). During the industrial period, the increased 
use of fossil fuel and deforestation lead to raise this concentration to more than 369 ppm in 
2000 (Keeling and Whorf, 2001). 
Since anthropogenic CO2 has a highly negative carbon isotope composition, the 813C of the 
atmosphere has decreased in the last two centuries by about 1.14%o deduced from the air 
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bubbles trapped in ice cores (e.g. Friedli et al., 1986; Francey et al., 1999). Records of the 
carbon isotopic signals from tree rings showed a decline of approximately l-2%o from the 
beginning of the industrial revolution to the present (Leavitt, 1994; February and Stock, 1999; 
Feng, 1999). 
This decrease is imprinted on the 813C of the dissolved inorganic carbon (513CDIC) in the 
ocean, although it may have been modified locally by the degree of isotopic equilibration with 
the atmosphere and the extent of dilution with deeper waters. The rate of oceanic CO2 uptake 
has been determined for the last 25 years from direct measurement of the 813CDIC (Keeling et 
al., 1989; Quay et al., 1992; Bacastow et al., 1996). Long-term variations in seawater 813CDic 
have been estimated from shallow-dwelling corals and sponges to be in the range of 0.5 to 
0.9%o since the start of the industrial revolution. Nozaki et al. (1978) found a reduction in 513C 
of 0.5%o over the past 200 years in a banded coral from Bermuda. Similarly a 0.5%o decrease 
were observed in sclerosponge 813C record from Jamaica (Druffel and Benavides, 1986) 
between 1820 and 1972. Bohm et al. (1996) deduced a 0.7 and 0.9%o declines in 813C from 
Caribbean and Coral Sea demosponges. Differences between the carbon isotope compositions 
of surface dwelling planktonic foraminifera from the water column and from sediment core 
tops were also used to determine the 813C decrease caused by the addition of anthropogenic 
CO2 to the ocean. Beveridge and Shackleton (1994) estimated the change in the Eastern 
Atlantic surface waters of about 0.5-0.6%o during the last two centuries, while Bauch et al. 
(2000) found this effect to be about 0.9%o within the Arctic Ocean and about 0.6%o in the 
Atlantic derived waters of the southern Nansen Basin. 
An alternative approach to reconstruct surface water CO2 variability is the analysis of 
carbon isotopes of organic matter. Significant correlations have been established between the 
stable isotopic composition of particulate organic matter (813Corg) and the concentration of 
dissolved molecular CO2 in surface ocean which may allow for the reconstruction of past 
seawater 813CDIC from the sediment record (e.g. Rau et al., 1989; Popp et al., 1989; Freeman 
and Hayes, 1992; Francois et al., 1993; Rau, 1994). 
In the present study, three multicores have been investigated to study the variations in the 
stable carbon isotope composition of seawater as recorded by the planktonic foraminifera G. 
sacculifer in the northern Gulf of Aqaba during the last 1000 years. Sedimentation rates in the 
area are high (40-65 cm/kyr) providing a temporal sampling resolution of about 10 years. 
Comparison of 8 C data of the G. sacculifer and sedimentary organic matter from the core top 
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samples (younger than 1950 A.D.) and the underlying sediments older than 200 years, yield 
information on the invasion of anthropogenic CO2 into the surface water during the industrial 
revolution. Results from this study were also compared to other data deduced from other 
proxies. 
4.3. Study area 
The Gulf of Aqaba is the eastern segment of the V-shaped northern extension of the Red Sea 
and is located in the subtropical arid belt between 28°-29°30' North and 34°30'- 35° East 
(Figure 4.1). It extends over a length of 170 km and a width of 14-26 km, and reaches almost 
1800 m depth. The Gulf is considered as a partially enclosed water body, connected with the 
Red Sea proper through the Straits of Tiran, which have a maximum depth of about 250 m. 
The Gulf of Aqaba is situated between the Sinai desert and the western Arabian Desert. 
The area is extremely arid with high evaporation (400 cm/year) and negligible precipitation 
(2.2 cm/year) and runoff. Mean sea surface temperature in the Gulf is 23.5°C, while the salinity 
is relatively high and ranges between 40-40.5%o (Manasreh, 1998). 
Surface circulation in the northern Gulf is primarily driven by prevailing northerly winds 
and the inflow from the Red Sea, which compensate for the evaporative loss of water (Reiss 
and Hottinger, 1984). The surface inflow water becomes cooler and more saline, hence denser. 
Towards the northern end of the Gulf, these dense water masses sink and return flow developed 
above sill depth. The resulting outflow forms part of the deep saline water in the northern Red 
Sea(Cember, 1988). 
The carbonate chemistry system within the Gulf is influenced by CO2 penetrating from the 
atmosphere to the seawater, by chemical process in the water column, and by the water body 
formation mechanism. There is almost no input from land derived DIC due to the fact that the 
Gulf has no water input from the surrounding land (Krumgalz et al., 1990). 
4.4. Material and Methods 
Sediment samples were collected in 1999 during the METEOR cruises M44/3 in the Gulf of 
Aqaba and the Red Sea (Patzold et al., 2000). In this study we focus on three multicores, 
sampled at different water depths (Table 4.1) from the northern end of the Gulf of Aqaba 
(Figure 4.1). 
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Table 4.1. Positions and water depths of the analysed sediment cores from the northern end of the Gulf of Aqaba. 
GeoB 
Number J 
GeoB 5801-3 ! 
GeoB 5807-2 j 
GeoB 5810-3 | 
Latitude 
N 
29°24.90' 1 
29°28.81' 1 
29°30.21' | 
Longitude 
E 
34°54.70' 
34°56.78' 
34°57.73' 
Water Depth 
(m) 
826 
646 
441 
Sediment recovery 
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Figure 4.1. Map of the northern Gulf of Aqaba, Red Sea, showing the location of the multicores (GeoB 5810-3, 
GeoB 5807-2 and GeoB 5801-3) used in this study. 
Invasion of anthropogenic CO2 recorded in planktonic foraminifera 67 
Sub-samples for faunal analysis were taken at 0.5 cm intervals from each multicore.Sediments 
were wet sieved with sieves of 63 and 150um mesh size and dried in an oven at 55°C. From 
the 150um fraction 12-18 specimens of the planktonic foraminifera Globigerinoides sacculifer 
(without final chamber) and Globigerinoides ruber (white) of 350 to 400 urn diameter 
(maximum extension) were used for stable isotope measurements. Analyses were carried out 
on a Finnigan MAT 251 mass spectrometer equipped with an automated carbonate preparation 
device. Precision based on replicates of an internal limestone standard, was better than 0.05%o 
for513C. 
4.4.1. Radiocarbon dating and age model 
About 700 to 1000 specimens of the Globigerinoides sacculifer and Globigerinoides ruber 
(250-500um) were hand picked for 14C AMS dating. While carbonate hydrolysis and CO2 
reduction were performed in Bremen, Germany, AMS measurements were carried out at the 
Leibniz-Laboratory of the Kiel University, Germany. 
Simple age models were established for the three multicores, by using the AMS 14C dating 
form the top, intermediate and bottom parts of the sediments cores. Ages were then 
interpolated for each sample by assuming uniform sedimentation rates between the 14C dating 
points (Figure 4.2). 
4.4.2. Organic carbon, total nitrogen and carbonate analysis 
Sediment samples (sampling step 1 cm) were freeze-dried and ground for the determination of 
total carbon (Ctot) and nitrogen (Ntot), and total organic carbon (Corg) contents. Values were 
obtained by combustion at 1050°C using a Heraeus CHN-O-rapid elemental analyser (Muller 
et al., 1994). For the determination of organic carbon, 25 mg aliquots of the dried sediments 
were weighted in a silver foil crucibles, wetted with a few drops of ethanol to suppress foaming 
during acidification, decalcified by drop wise addition of 6 N HCL, and dried on a hot plate at 
about 80°C. Total carbon and nitrogen were determined on untreated sample aliquots (25 mg) 
using tin crucibles for weighting. The carbonate content of the samples was calculated from the 
difference between total and organic carbon and expressed as calcite [CaCC>3 = 8.33 * (Ctot -
Corg)]. All analyses were performed in duplicate and expressed in weight percent dry, salt-free 
sediment assuming a pore-water salinity of 40%o. The relative precision of the measurements, 
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based on duplicates and control analyses of lab-internal reference sediment sample (WSl), was 
better than 3%. 
4.4.3. Organic matter tf3C 
One multicore (GeoB 5810-3) was selected for the determination of stable carbon isotope 
composition of the sedimentary organic matter in 1 cm spatial resolution. The 813C0rg of the 
sediment was measured with a Finnigan Delta E mass spectrometer. After decalcification with 
6 N HC1 in silver crucibles and drying on a hot plate at 60°C, the samples were combusted at 
1050°C in a stream of oxygen to CO2 using a commercial Heraeus CHN analyser which is 
attached to the mass spectrometer. 8 C values are reported against the VPDB standard. 
Reproducibility for 813Corg measurements based on internal standards was better than 0.15%o. 
4.4.4. Seawater tf3C measurements 
Direct measurements of the 813C of the DIC at the northern Gulf of Aqaba have been obtained 
during the year 1999/2000. Water samples were collected in a borosilicate glass bottles on a 
monthly resolution from surface down to 40 m depth. The samples were carefully poisoned 
with 1 ml of saturated HgCl2 solution. Dissolved inorganic carbon (DIC) was extracted as CO2 
gas from the water samples by aciditification with phosphoric acid (Kroopink, 1974). The 813C 
data were obtained on a Finnigan Delta mass spectrometer with a precision of 0.16%o at the 
Geoscience Department, Bremen University. Data were related to the VPDB carbonate isotope 
standard. 
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4.5. Results 
4.5.1. Sedimentation rates 
The multicores extend back almost 1000 years A.D. (Table 4.2). The age model from these 
multicores yield sedimentation rates of between 40 and 65 cm/kyr (Figure 4.2), which is fairly 
high compared to other areas in the world. Therefore the sample spacing of 0.5 cm corresponds 
to a temporal resolution of about 10 years on average. 
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Figure 4.2. Age-depth relation of the investigated multicores from the northern Gulf of Aqaba, Stars represent the 
calibrated 14C AMS datings positions. 
Radiocarbon 14C AMS dating reveal negative values from the uppermost part of the cores 
(Table 4.2). This means that they were formed with high initial 14C levels, due to the atomic 
bomb testing and are younger than 1950 A.D. (Stuiver et al., 1998a; 1998b). They are 
considered to be representative with respect to modern plankton 813C. This also ensures that 
our records were undisturbed, and bioturbation of the sediment is so low as core tops have this 
modern C values (see also Bond et al., 2001). 
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Table 4.2. 14C ages in the three multicores; the ages were calibrated and transformed into calendar years A.D. 
Samples with negative radiocarbon ages (formed since mid 1950) cannot be calibrated due to nuclear 14C bomb 
(Stuiver and Braziunas 1993; Sruiver et al., 1998a and 1998b). 
GeoB. 
No. 
5801-3 
1 
= 
5807-2 
= 
5810-3 
= 
Lab. Iden. 
KIA11058 ] 
KIA12075 S 
KIA11059 
KIA11060 
KIA11063 
KIA11064 J 
KIA12378 
KIA11064 
Core depth 
_ im) 
1.5 
JL6_ 
40 
1.5 
39 
_L5 
14.5 
35 
A M S 14C age 
(yrBP) 
125 
760 
1060 
-170 
1255 
-145 
800 
1420 
Error 
±<yr> 1 
±45 
+30 
±40 
±30 
±35 
i 
±35 
±35 
±40 
; 
Calibrated age 
(cal. yr A.D.) ; 
1658 
1409 
1264 
1633 
1062 
4.5.2. Carbon isotope data of planktonic foraminifera 
Figure 4.3 shows the 513C record of the planktonic foraminifera Globigerinoides sacculifer 
from the three multicores. The records display similar trends. The values before the 1750s have 
a fairly uniform 813C pattern, ranging between 1.28 to 1.35%o with an average of 1.3l%o. An 
initially slow decline begins in the middle 1700s, from ca. 1.31%o in the part older than 1750 
A.D. to about 0.68%o near the top of the cores. According to the 14C AMS dating, 813C values 
from the upper most of the cores should reflect a mean value of present day conditions 
(younger than 1950). The 813C values range from 0.63 to 0.77%o with an average of 0.68%o 
(Table 4.3). 
It is interesting to observe that 813C values of the planktonic foraminifera Globigerinoides 
sacculifer from the core top samples (younger than 1950 A.D.) from the three multicores are 
depleted by 0.63%o on average (ranging between 0.51-0.69%o) relative to isotopic data from the 
bottom sediment samples older than 1750 A.D. (Table 4.3). 
The same pattern was also recorded in another planktonic species Globigerinoides ruber 
(white) from the same cores (Figure 4.3). The 813C from the upper parts of the cores ranges 
between 0.35-0.55%o, and between 0.79-0.93%o in the lower parts. The values of the upper 
multicores samples were lighter by as much as 0.38-0.47%o (Table 4.3). 
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Table 4.3. Comparison between core top (younger than 1950 A.D.) and core bottom (older than 1750) 813C values 
of the planktonic foraminifera Globigerinoides sacculifer and Globigerinoides ruber from the three multicores. 
Name of 
core 
GeoB 5801-3 
GeoB 5807-2 
GeoB 5810-3 
Average 
Average 813C (%o) 
(>1950 A.D.) 
G. sacc. 
0.77 
0.63 
0.66 
0.68 
G. ruber 
\ 0.55 
0.37 
0.35 
0.42 
Average 813C (%o) j 
(<1750 A.D.) 
I G. sacc. |l G. ruber \\ 
1.28 | 0.93 
1.30 0.84 
1.35 | 0.79 
1.31 | 0.85 
813C difference (%o) 
(1950-1750) 
G. sacc. G. ruber 
0.51 0.38 
0.67 0.47 
0.69 0.44 
0.63 || 0.43 
G. sacculifer 613C (%o VPDB) 
2.0 1.5 1.0 0.5 
Q 
1.0 0.5 0.0 
G. ruber 5nC(%oVPDB) 
Figure 4.3. Stable carbon isotope composition (81 C) of the planktonic foraminifera G. sacculifer and G. ruber, 
over the last 1000 years A.D. from three multicores (GeoB 5810-3, GeoB 5807-2 and GeoB 58013) collected of 
the northern Gulf of Aqaba, Red Sea. The arrows represent the calibrated 14C radiocarbon age's positions. The 
grey bar indicates the transition zone between the pre-industrial and industrial periods. 
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4.5.3. Carbon isotopic composition ofseawater 
The average 8 C value of seawater samples based on the monthly sampling resolution down to 
30 m depth is about 1.48%o relative to VPDB reference standard, and it ranges between 1.23-
1.66%o (Figure 4.4). 
2.0 
£ 1 . 8 
Q 
y 
5 
u 
1.6 -
(o 1.4 
1.2 
T T T T T 
1979/1980 data 
1999/2000 data 
I ' I ' I ' I ' I ' 
I ' I T ^ 
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May 
Month 
Figure 4.4. Stable carbon isotopic record of the dissolved organic carbon (513CDIC) in the surface waters at the 
northern Gulf of Aqaba. Filled rhombs are averages of daytime samples from 0-30 m during 1979/1980 (data from 
Shemesh et al., 1994); open circles are averages from 0-30 during 1999/2000. The offset between both records 
seems to represent the decrease in 813CDic ofseawater in the last 20 years due to the effect of anthropogenic C02 
increase in the atmosphere. 
Shemesh et al. (1994) have measured the carbon isotopic composition of seawater at the 
northern end of the Gulf of Aqaba between November 1979 and May 1980 (Figure 4.4). 
Values derived from this study (daytime data from surface down to 30m) have 81 CDIC values 
ranged between 1.77 to 1.94%o, and average 1.85%o. 
4.5.4. Estimation of calcite tf3C equilibrium 
By taking the value of 1.48%o for the surface water 813CDic at the northern end of the Gulf of 
Aqaba, we calculate the 813C of inorganic calcite precipitated in isotopic equilibrium with 
ambient seawater using the estimation of Romanek et al. (1992) for equilibrium calcification in 
waters warmer than 10°C as given by Mulitza et al. (1999): 
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According to this estimation, the inorganic calcite precipitated in equilibrium with DIC in 
seawater should have 513C value of about 2.48%o. This indicates that the planktonic 
foraminifera G sacculifer and G ruber from the northern Gulf of Aqaba does not precipitate 
its calcite according to equilibrium fractionation of inorganic calcite, and the 813C values from 
the upper parts of the three multicores have a vital effect of about -1.8%o and -2.1%o, these 
values are roughly 0.8%o and 1.1 %o lighter than that of the seawater 813CDIC for G. sacculifer 
and G. ruber respectively. 
4.5.5. Organic carbon, total nitrogen and carbonate content of the sediment 
Records from the three multicores show a comparable pattern in all records (Figure 4.5). The 
organic carbon contents is about 0.4% (on average) in the lower parts older than 1750A.D., 
increasing toward 0.8% near the top of the cores (Figure 4.5). Whereas the carbonate contents 
show uniform pattern with minor fluctuations around 30% (Figure 4.5). Correspondingly, the 
C/N ratio from the multicore GeoB 5810-3 show fairly consistent values around 9. 
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Figure 4.5. Carbonate and organic carbon contents of the multicores GeoB 5810-3, GeoB 5807-2 and GeoB 
58013 investigated in this study. 
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4.5.6. Carbon isotopic composition of the organic matter 
The 513C0rg record from the multicore GeoB 5810-3 is shown in Figure (4.6). The results reveal 
significant differences of about 1.82%o in the isotopic composition of the organic matter 
between upper and lower parts. 
The pattern before the 1750s has a fairly consistent 813Corg values with average of about 
-19.45%o. The curve started to decrease gently in the early 1750s, from -19.45%o in the older 
part to about -21.2%o near the top (younger than 1950 A.D.). 
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Figure 4.6. Stable carbon isotopic record of the planktonic foraminifera G. sacculifer and the sedimentary organic 
matter (813Corg), during the last 1000 years A.D. from the multicore GeoB 5810-3. The thick lines represent five 
points running average. 
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4.6. Discussion 
4.6.1. tf3C of the planktonic foraminifera G. sacculifer 
Planktonic foraminifera do not precipitate their calcite shell according to the isotopic 
equilibrium of inorganic calcite with seawater, due to the incorporation of isotopically light 
CO2 into the carbonate skeleton, vital effect from respiration, and photo synthetic activity of 
symbionts (Erez, 1978; Spero et al., 1991). The 813C of the planktonic foraminifera G. 
sacculifer from the northern Gulf of Aqaba revealed a vital effect of about -1.8%o, and is 
depleted by about 0.8%o relative to seawater 8l3CDic-, while G. ruber shows larger offsets due 
to different physiological processes (respirations and symbiont photosynthesis) between the 
two species (Erez, 1978; Spero et al., 1991) These results are in a good agreement with the 
findings of Williams and Sommer (1977). They suggested that G. sacculifer could be used to 
infer the 513C values of the dissolved XCO2 in paleoceans, because some species have 5I3C 
values, which are offset by nearly constant factor from ZC02 (Shackleton and Vincent, 1978; 
Spero, 1992; Keir, 1995). 
Additionally, it has been suggested that 813C values are size dependent especially for 
planktonic foraminifera (Berger, 1978; Bouvier and Duplessy, 1985; Ravelo et al., 1995). For 
that reason and to decrease the effect of size fraction, our forams were picked with a narrow 
size fraction range (350-400 |J<m). About 12-18 individual per sample were also analysed to an 
average out the intraspecific variability due to foraminiferal physiology as recommended by 
Spero (1992). 
Results from this study show a decline in the 813C planktonic formainifera (G. sacculifer) of 
roughly 0.63%o from approximately the beginning of the industrial revolution (1750 A.D.). The 
813C record of the same species (G. sacculifer) in a gravity core from the same area (GeoB 
5810-2; Al-Rousan unpublished data) shows a consistent 813C pattern over the last 3000 years 
B.P. (mid-late Holocene). The values averaged 1.39%o, which are similar to their counter bars 
from the lower parts of the multicores older than 1750 A.D. 
If we consider that the intraspecific range of formainifera 813C values attributed to vital 
effect remained rather constant since the late Holocene, then changes in the 813C composition 
of the foraminifera shells should be still proportional to changes in the carbon isotope 
composition of DIC in seawater (Spero, 1992; Beveridge and Shackleton, 1994). Therefore, the 
0.63%o decrease during the last two centuries can be partly attributed to the invasion of fossil 
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fuel CO2 into the surface waters, which caused a decrease in the 813CDic- This value is smaller 
than the 1.14%o decrease estimated for the S13C in atmospheric CO2 during the last 200 years 
(Friedli et al., 1986; Francey et al., 1999), and represents about 40% of the atmospheric 
decrease. This is in accordance with Oeschger et al. (1975) who used a global box diffusion 
model, and predicted that the worldwide surface ocean response should be 40% of that in the 
atmosphere. This is mainly due to incomplete isotopic equilibration between 813CDIC of the 
water and the 813CC02 of the atmosphere (Lynch-Stieglitz et al., 1995). It was also concluded 
that varying values of A813CDIC (the change in 8I3CDIC from pre-industrial and industrial times) 
observed in different parts of the tropical oceans reflect the varying degree of isotopic 
equilibration with atmospheric CO2, controlled by dilution of surface waters with subsurface 
waters (Bohm et al., 1996). In the northern Gulf of Aqaba, the reason for this small decrease is 
most likely due to the short exposure time of surface water to the atmosphere due to vertical 
mixing and dilution with water from the Red Sea, because the circulation in the northern Gulf 
is primarily influenced by the inflow from the Red Sea which compensate for the evaporation 
loss of water masses (Reiss and Hottinger, 1984). 
Krumgalz et al. (1990) have studied the penetration of anthropogenic carbon dioxide in the 
northern Red Sea and the Gulf of Aqaba using data obtained during a cruise in winter 1982. 
Results demonstrate that the entire water column of the Gulf of Aqaba was saturated with an 
excess of anthropogenic CO2, indicating winter overturning. In the Red Sea the upper 200m are 
very young with a uniform excess CO2 signal. The old waters at 600 m are sandwiched 
between younger waters, the young bottom waters are formed by the overflow of younger 
waters from the Gulf of Aqaba over the sill in the Straits of Tiran and by the inflow of young 
waters from the Gulf of Suez. 
4.6.2. Comparison with other paleoclimatic records 
The S13C stack record of the planktonic foraminifera G. sacculifer from the three multicores 
(GeoB 5801-3; GeoB 5807-2; GeoB 5810-3) and records from tree rings, ice cores and sponges 
are compared in Figure (4.7). 
The 0.63%o decrease in the 813C of G. sacculifer from the northern Gulf of Aqaba over the 
past 200 years is comparable with values deduced from other marine proxies from different 
locations (Table 4.4). The estimated variations in seawater S13C from shallow dwelling corals, 
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sclerosponges and foraminifera show a decrease in the range of 0.5 to 0.9 %o, while records 
from tree rings and ice cores exhibit values between l-2%o for the atmospheric 8 C decrease 
due to the anthropogenic CO2 increase (Table 4.4). 
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Figure 4.7. Comparison between 513C stack record (planktonic foraminifera G. sacculifer) from the three 
multicores with other published records from different proxies, showing the decrease in 813C of the atmosphere 
(tree ring and ice core records) and surface water 513CMc (sponge and foram records) over the last two centuries 
due to the increase of the anthropogenic C02 input in the atmosphere. 
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Table 4.4. Summary of some estimates of the seawater and atmosphere 813C decrease due to the anthropogenic 
C02 increase over the last 200 years, compared to results obtained from this study. 
Location 
Antarctic Siple 
South Africa 
South America 
Bermuda 
Tropical ocean 
(Jamaica) 
Caribbean 
Coral Sea 
Eastern Atlantic 
Arctic Ocean 
Nansen Basin 
Gulf of Aqaba 
Proxy 
Ice core 
Tree Rings 
Tree Rings 
Corals 
(Diploria) 
Sclerosponge 
Sclerosponge 
Planktonic forams 
(G. ruber; G. bulloides) 
Planktonic forams 
(N. pachyderma (sin.)) 
Planktonic forams 
(G sacculifer) 
813C decrease 
1.14%o 
i.0-1.7%o 
1.2°/oo 
0.50%o 
0.50%o 
0.90%o 
0.70%o 
0.50-0.60%o 
0.90%o 
0.60 %o 
0.63%> 
Reference 
Friedlietal. (1986) 
February and 
Stock (1999) 
Leavitt(1994) 
Nozakietal. (1978) 
Druffel and 
Benavides(1986) 
Bohmetal. (1996) 
Beveridge and 
Shackleton(1994) 
Bauch et al. (2000) 
This study 
The strong 513C decline of the planktonic formainifera G. sacculifer since the 1750s from 
this study fitted to an exponential function that often follows this trend of decrease (Figure 
4.7). The trend from sclerosponges, tree rings and ice core records (Bohm et al., 1996; Feng, 
1999; Francey et al., 1999) show a rapid decrease in the 813C values for the most recent fifty 
years and much smaller change when going further back in time. The insufficient dating 
controls of the upper parts of the sediment records younger than A.D. 1950 from this study are 
most likely responsible for the normal rather than rapid 813C decrease for the most recent 
years. 
4.6.3. Seawater (?3CDIC variations in the Gulf of Aqaba 
Anthropogenically produced CO2 have entered the oceans and changed the 813C of the DIC 
(Quay et al., 1992). This decrease has been confirmed in the northern Gulf of Aqaba from 
direct measurements of the 813CDIC done in 1979 (Shemesh et al., 1994), and recently in 2000 
in this study. 
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Comparison of the data shows that there is a significant offset between both records (Figure 
4.4). The average 813C value of the DIC of the surface waters at the northern Gulf of Aqaba 
decreased by about 0.44%o during the last 20 years, with an annual decrease of about 0.02 l%o. 
This result is similar to that obtained by Quay et al. (1992) who found a 0.4%o decrease of 
the 813CDic value in the surface waters of the Pacific ocean between 1970 and 1990. They 
attributed this decrease due to the uptake of the atmospheric CO2 derived from fossil fuel 
combustion and deforestation. Bacastow et al. (1996) have also shown an average decrease of 
about 0.022%o/yr during the period 1984-1992 from direct measurements of the 813CDic near 
Bermuda. 
4.6.4. Support from tf3Corg 
Results of 813C0rg from this study show a trend toward lighter values during the last 200 years 
(-19.45 to -21.2%o), and the variations of about 1.82%o closely follow those of the 813C of the 
planktonic foraminifera (Figure 4.6). 
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Figure 4.8. Variations of the organic carbon content and 813C of the planktonic foraminifera G. sacculifer in the 
multicore GeoB 5810-3, GeoB 5807-2 and GeoB 5801-3 from the northern Gulf of Aqaba. The organic carbon 
increase in the upper part of the core is most likely due to preservation effect. 
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The difference in stable carbon isotope composition (813Corg) between modern 
phytoplankton and underlying surface sediments older than 200 years were explained by the 
penetration of ocean surface waters by isotopically light carbon (Bentaleb and Fontugne, 1996; 
Fischer et al., 1997; 1998; Wolf-Gladrow 1999; Rosenthal et al. 2000). However, variations of 
813Corg in marine sediments can be also ascribed to a variable mixture of carbon derived from 
marine and terrestrial sources, which leads to 813Corg contamination, and to the digenetic 
changes in the isotopic composition of the deposited organic matter (e.g. Fontugne and Calvert, 
1992; Rau, 1994; Muller et al., 1994). 
Organic carbon content in our sediments is about 0.4%; highest abundance of about 0.8% is 
noted in the top of the core (Figure 4.8). If we assume that this is due to increased biological 
productivity, then this would have a direct effect on the 513CDIC, because marine plankton 
preferentially uses 12C for photosynthesis, leaving surface water enriched in 13C (Broecker, 
1974). By contrast 813C in the planktonic foraminifera G. sacculifer shows a trend in the 
opposite direction (Figure 4.8 and 4.9C). These results suggest that the increase of organic 
carbon content is not related to an increase in local productivity but can be attributed to 
preservation effects. 
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The 813C0rg values in the multicore GeoB 5810-3 vary between -18.5 to -21.5%o and are 
typical of the marine environment. Furthermore, the quite uniform C/N values of about 9 
throughout the core, and the lack of relationship between 51 Corg and C/N ratio (Figure 4.9A), 
as well as the consistent carbonate content (around 30%) which varies mainly due to the 
dilution effect by terrigenous sediment, all these suggest comparatively low terrigenous organic 
matter contribution to the sediments. 
Since the magnitude of the early digenetic alteration is relatively small (Rau, 1994), and the 
terrestrial organic matter contributions to the sediments in the Gulf of Aqaba can be excluded, 
we assumed that organic carbon in our samples is driven predominantly from primary 
producers, and the CO2 variations are probably the reason for isotopic variations in the 813Corg. 
The core top samples from this study exhibit 813Corg values close to 21%o (Figure 4.6) 
similar to the value in modern plankton of the Gulf of Aqaba waters (Shemesh et al., 1994; 
Lorian et al., 1992). Therefore, they should represent the industrial conditions. The 1.82%o 
difference between pre-industrial and industrial 813Corg values from this study is rather similar 
to the measured average differences between sinking matter and surface sediments (2%o) due to 
anthropogenic CO2 increase from the tropical-subtropical Atlantic (Fischer and Wefer, 1996). 
The negative relation between C02(aq) and the carbon isotopic composition of marine 
phytoplankton has been suggested by many workers (e.g. Degens et al., 1968; Rau et al., 1989; 
Popp et al., 1989; Rau, 1994), and has recently been confirmed in monospecific marine 
phytoplankton cultures (e.g. Laws et al., 1995). Using the equation proposed by Rau (1994) 
and the 813Corg values, which represents the pre-industrial (older than 1750 A.D) and 
industrial (younger than 1950) conditions in the Gulf of Aqaba, we have estimated the 
variations in CO? concentration to be from 287 to 363 ppm. These results are within the range 
estimated for CO2 concentrations from ice cores during the last two centuries (Friedli et al., 
1986; Etheridge et al , 1996). 
4.7. Conclusions 
Variations in the carbon isotopic composition of the planktonic foraminifera (G. sacculifer) 
and the sedimentary organic matter (813Corg) revealed by this study, have been interpreted as 
evidence of increasing anthropogenic input of 13C depleted CO2 into the atmosphere during the 
last 200 years, which caused lighter 813CDIC-
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The 813C records of the planktonic foraminifera (G. sacculifer) from the northern Gulf of 
Aqaba display similar trends from three multicores over the last 1000 years. The pattern shows 
little variability but no trend before 1750 A.D. Starting at the 1750s the values decrease 
continuously. Present values are depleted by about 0.63%o relative to pre-1750 A.D. This 
decrease is similar to that estimated for surface water DIC from shallow-dwelling corals and 
sclerosponges from other parts of the world, and about 40% of that in the atmosphere (deduced 
from ice cores), due to incomplete isotopic equilibration between water and atmosphere. 
Variations of the 813C of sedimentary organic matter (813Corg) also show a trend toward 
lighter values started at the beginning of the 1750 closely followed those of the 813C of the 
planktonic foraminifera and supporting the interpretation. Furthermore, results from direct 
measurements of seawaters 813CDIC in the Gulf show a decrease of about 0.44%o during the last 
20 years (0.021%o/yr), which is similar to values measured in the Pacific Ocean (Quay et al., 
1992). 
Finally, the results of our carbon isotopic composition analysis of both organic matter and 
planktonic foraminifera calcite shells, allow us to conclude that 813CDIC is surface waters in the 
northern Gulf of Aqaba has decreased due to the anthropogenic CO2 increase in the atmosphere 
during the last two centuries. This decrease has left a marked imprint on the S13C of both 
organic matter and foraminifera shells. 
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5. Conclusions and future perspectives 
5.1. General conclusions 
From the high-resolution stable isotope analysis in corals (Porites spp.) and planktonic 
foraminifera (G. sacculifer) from the northern Gulf of Aqaba, the following conclusions have 
been drawn. 
5.1.1. Coral records 
High-resolution coral 8180 records from the northern Gulf of Aqaba were investigated in order 
to evaluate the environmental and biological effects that may distort the signals obtained from 
this proxy. The study provides the first continues time series records of seawater stable isotopic 
composition (8 l80, 813C) from the area and offers acceptable coral 8180/temperature relation 
for the region. 
• The high correlation between coral 8180 and recorded seawater temperatures in both 
Aqaba and Eilat in the northern end of the Gulf of Aqaba suggests that a large majority 
of the seasonal variations in coral oxygen isotopes can be explained by the sea surface 
temperature variations. The interannual salinity variations seem to be responsible for 
decreasing the correlation between coral 8180 and seawater temperature at the annual 
time scale. 
• The different 8180/temperature relations from the two different colonies and also from 
the same colonies indicates that 8180 of coral skeletons is growth dependent. 
Significant 8180 depletion is observed at high extension rates, and heavier values at low 
extension rates. The relation between coral 8 I80 and extension rate can be explained by 
a simple exponential model, in which the inverse function extends over extension rates 
1-5 mm/yr. For more rapidly growing corals and portions of coral colonies, the relation 
is constant and the extension rate did not appear to have any significant effect on coral 
8180. Thus we suggest that 8180 values from Porites corals should be obtained from 
fast growing corals or portions of the colonies (>5 mm/yr), where the isotopic 
disequilibrium is fairly constant. 
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• The offset in 8180 profiles cannot be always explained as a function of extension and/or 
calcification rate and may result from coral species differences. Skeletal extension rate 
and coral species should be considered when interpreting and comparing coral 
paleoclimatic data from various coral species with different extension rates. Moreover, 
these results can be used to evaluate and correct coral 8lsO values obtained from 
modern and fossil corals for extension rate effects. 
• High sampling resolution from this study confirms the ability of Red Sea Pontes corals 
to accurately preserve short period and magnitude temperature variations. 
I ft 
Weekly/biweekly coral 8 O records are able to capture fine details of the weekly 
temperature records and to resolve more than 95% of the weekly/biweekly temperature 
variations. 
• Seawater 8180 from the northern Gulf of Aqaba exhibits a weak seasonal pattern with 
variations less than 0.25%o (VSMOW). These variations seem to have negligible effect 
on the seasonal coral 8180 cycle. It shows positive correlations with seawater salinity 
(60%) similar to that reported from the Red Sea proper, and can be expressed by the 
equation S>8Oseawater (VSMOW) = 0.281 * salinity (%o) - 9.14. 
• The 5180 signals from samples within the tissue layer can precisely record temperature 
variations and show no evidence for smoothing or distortion of these signals due to 
calcification throughout the thickness of the tissue layer as suggested by earlier studies. 
• The interruption or inconstant extension rate in slow growing corals during the year 
may result in attenuation or amplification of the coral 5 O seasonal amplitude and 
make it not possible to record the true environmental signals. 
• The relation between oxygen isotopic composition of coral skeleton, seawater 
1 Q 
temperature and seawater 8 O from the northern Gulf of Aqaba based on corals from 
different depths from this study can be expressed by the equation T = -5.38 * (8C - b\,) -
1.08, where 8C is the oxygen isotope composition of coral in %o relative to VPDB, 8wis 
that of water in %o relative to VSMOW and T is temperature in °C. The slope of the 
equation 0.186%o/l°C is similar to that obtained from high-resolution studies in other 
parts of the world. 
Chapter Five 85 
5.1.2. Sediment records 
Carbon stable isotopic composition of the planktonic foraminifera (G. sacculifer) was used to 
reconstruct the variations of seawater dissolved inorganic carbon (DIC) from the northern Gulf 
of Aqaba. The study was conducted on three multicorers extends almost 1000 years BP with 
high temporal resolution up to 10 years. This chronology is the first with such resolution to 
show a decline in the 813C from planktonic foraminifera from sediment records which is related 
to anthropogenic CO2 increase. 
• High offsets (0.63%o) between the carbon isotopic values of the planktonic foraminifera 
G. sacculifer younger than 1950s and values older than 1750s from the three 
multicorers from the northern Gulf of Aqaba indicate the anthropogenic CO2 uptake by 
the surface water which caused decrease in its 813CDIC-
• The decrease of the carbon isotope of sedimentary organic matter (81 Corg) during the 
last 200 years by about 2%o was not related to local productivity or terrigenous input 
increase and tend to support the interpretation obtained from the 513C of the planktonic 
foraminifera. The variations in CO2 concentration calculated from 8 Corg values, which 
represent the pre-industrial and industrial conditions in the Gulf of Aqaba are estimated 
to be from 287 to 363 ppm. These values are within the range estimated for CO2 
concentrations from ice cores during the last two centuries. 
• A comparison of carbon isotope measurements of the northern Gulf of Aqaba seawater 
obtained in 1999 with measurements recorded in 1979 shows a decrease of 813CDic 
values of about 0.44%o during the last 20 years (annual decrease of 0.021 %o) resulting 
from increasing of anthropogenic CO2 input into the atmosphere. 
• The invasion of anthropogenic CO2 into the Gulf of Aqaba waters is a real 
phenomenon, and has leaved a marked imprint on the carbon stable isotope 
composition of the planktonic foraminifera and sedimentary organic matter. 
• The results from this study reveal that 8I3C of planktonic foraminifers combined with 
organic matter 813C from marine sediments allow good indicators to reconstruct past 
changes in atmospheric CO2 concentrations from the northern Gulf of Aqaba. 
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5.2. Future perspectives 
5.2.1. Fossil corals and sediment records 
The Gulf of Aqaba is characterized by a high diversity of coral reef communities, which 
represent the northern limit (29°32rN) for reef corals in the western Indo-Pacific region 
(Schuhmacher et al., 1995). Living corals can be found down to 200 m. However, uplifted and 
submerged reef terraces are distributed along the Gulf coasts. 
The applicability of corals as high-resolution climate proxies from this study and from 
earlier studies in the Gulf of Aqaba (e.g., Klein et al., 1992; 1993; 1997; Heiss, 1996; Heiss et 
al., 1999; Felis et al., 1998; 2000; Moustafa et al., 2000) encourage for further investigations to 
be carried out on fossil corals, this can offer a unique source of information on tropical climate 
variability throughout the late Quaternary (e.g., Beck et al., 1997; Guilderson et al., 1994; 
McCulloch et al., 1999). 
Recent research indicates that some climatic phenomena such as El Nino Southern 
Oscillation (ENSO) and the North Atlantic Oscillation (NAO) have an impact on the Middle 
East climate (e.g., Charles et al., 1997). These phenomena have been recently identified from a 
245-year long oxygen isotopic coral record from the northern Red Sea (Felis et al., 2000; 
Rimbu et al., 2001). Furthermore, Mid-Holocene corals 8180 records from the northern Red 
Sea indicate higher seasonality in temperature and/or seasonal changes in the hydrological 
balance during that period in the region (Moustafa et al., 2000). 
We have collected fossil corals from the Holocene and last interglacial raised reef terraces 
from Aqaba, at the northern end of the Gulf. A 44-year long 5180 record has been already 
generated in bimonthly resolution from the last interglacial period (Felis et al., in preparation). 
Preliminary results of spectral analysis suggest that comparable climatic modes and 
atmospheric teleconnection were active during that period. Furthermore, results from Sr/Ca 
combined to stable oxygen ratios indicate cooler and fresher mean conditions during that 
period in the northern Gulf of Aqaba. 
Sediment cores have been collected recently from the northern Gulf of Aqaba during Meteor 
Cruise M44/3 in 1999 (Patzold et al., 2000). The longest core recovered from the area extends 
back to the last 8000 years B.P. and shows high sedimentation rates (~30cm/kyr) in the area. 
The stable oxygen composition record of planktonic foraminifera indicates a humid period 
during mid-Holocene (Arz et al., in prep.). Combining of the high-resolution paleoclimatic 
archives from marine sediments and coral records will provide better understanding of the 
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patterns and mechanisms of climate variability during the recent past and during the late 
Quaternary. 
New construction works at Aqaba have recovered huge and well-preserved coral colonies 
from the raised and submerged reef terraces, which are suitable material for paleostudies. 
Drilling of both raised and submerged reef terraces will enable to fill the gap and to understand 
the full history of reef development, sea level and paleoclimatic changes in the area. 
5.2.2. Calibration studies 
Several elemental indicators in coral skeletons and foraminifera shells have proven to provide 
different environmental proxies for temperature, salinity, vertical mixing and other 
environmental parameters. However, the work in understanding these proxies, their controllers 
and sensitivity is still in progress. 
The Sr/Ca ratio in corals is one of these indicators, it has been proven to provide high 
accuracy thermometers (e.g., Beck et al., 1992; McCulloch et al., 1994), combination of this 
proxy with oxygen isotope proxy can provide important information about sea surface 
temperatures and hydrological balance variations (McCulloch et al., 1994, Gagan et al., 1998). 
However it has been found that Sr/Ca ratios exhibits different temperature calibrations (Beck et 
al., 1992) and show growth rate dependence (de Villiers et al., 1995). 
Therefore, calibration of Sr/Ca ratios in corals against in situ measurements of seawater 
temperatures and Sr/Ca ratios as well as investigation of the biological factors that may affect 
this ratio (e.g., growth rate, interspecific offset) from the northern Gulf of Aqaba could be 
focus for future studies. This will help in solving some of these problems and can provide 
empirical relationship for the region that can be applied to late quaternary coral records. 
Additionally, further indicators such as Mg/Ca, U/Ca and B/Ca can be investigated; they can 
offer valuable proxies from corals. 
The continuation of water sampling program for stable isotope analysis and hourly seawater 
temperature records from different water depth that have been initiated in April 1999 in the 
northern Gulf of Aqaba, will provide a unique record from the Red Sea and will help in the 
interpretation of past and future coral stable isotope records. 
Furthermore, temperature loggers fixed at depths of 0.5; 1.5; 2.5; 3.5; 4.5 and 5m above sea 
floor in front of the Marine Science Station at Aqaba in June 2000 will provide high resolution 
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long term temperature records which can be used to assess and calculate the effect of 
temperature on the isotopic records when corals grow into shallower and warmer waters. For 
example, Heiss et al. (1999) have shown different isotope records form horizontal and vertical 
cores from a huge Pontes coral colony from Aqaba that is probably related to coral growth into 
shallower water depths. The calculated effect from the temperature records can be then used to 
correct this isotope chronology, and to improve the interpretations of future records. 
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7. Appendix: Data tables 
7.1. Coral records 
7.1.1. Stable isotope data 
7.1.1.1. Coarse resolution records 
Profile Aq-19A 
Age 
(years) 
1999.208 
1999.125 
1999.042 
1998.958 
1998.875 
1998.792 
1998.708 
1998.625 
1998.542 
1998.458 
1998.375 
1998.292 
1998.208 
1998.125 
1998.042 
1997.958 
1997.875 
1997.792 
1997.708 
1997.625 
1997.542 
1997.458 
1997.375 
1997.292 
1997.208 
1997.125 
1997.042 
1996.958 
1996.875 
1996.792 
1996.708 
1996.625 
1996.542 
1996.458 
1996.375 
8180 
%o(VPDB) 
-2.860 
-3.076 
-3.308 
-3.627 
-3.594 
-3.503 
-3.609 
-3.630 
-3.369 
-3.249 
-3.154 
-3.091 
-2.850 
-2.909 
-3.086 
-3.335 
-3.436 
-3.412 
-3.464 
-3.515 
-3.477 
-3.352 
-3.227 
-3.089 
-2.950 
-3.050 
-3.080 
-3.166 
-3.388 
-3.525 
-3.467 
-3.344 
-3.238 
-3.115 
-2.976 
8I3C 
%o(VPDB) 
-3.090 
-3.401 
-3.625 
-3.138 
-3.126 
-3.439 
-3.314 
-3.079 
-3.004 
-3.046 
-2.991 
-2.804 
-2.960 
-3.036 
-3.695 
-3.792 
-3.667 
-3.445 
-3.324 
-3.213 
-3.140 
-3.178 
-3.095 
-3.022 
-2.950 
-3.250 
-3.393 
-3.414 
-3.347 
-3.302 
-3.502 
-3.755 
-3.513 
-3.383 
-3.027 
1996.292 
1996.208 
1996.125 
1996.042 
1995.958 
1995.875 
1995.792 
1995.708 
1995.625 
1995.542 
1995.458 
1995.375 
1995.292 
1995.208 
1995.125 
1995.042 
1994.958 
1994.875 
1994.792 
1994.708 
1994.625 
1994.542 
1994.458 
1994.375 
1994.292 
1994.208 
1994.125 
1994.042 
1993.958 
1993.875 
1993.792 
1993.708 
1993.625 
1993.542 
1993.458 
1993.375 
1993.292 
1993.208 
-2.831 
-2.740 
-2.808 
-2.859 
-3.130 
-3.333 
-3.439 
-3.467 
-3.421 
-3.204 
-2.979 
-2.891 
-2.775 
-2.610 
-2.850 
-3.148 
-3.411 
-3.537 
-3.481 
-3.555 
-3.519 
-3.387 
-3.255 
-2.999 
-2.745 
-2.720 
-2.850 
-3.118 
-3.244 
-3.268 
-3.313 
-3.366 
-3.420 
-3.427 
-3.284 
-3.145 
-2.985 
-2.600 
-2.440 
-3.040 
-3.583 
-3.739 
-3.470 
-3.286 
-3.225 
-3.192 
-3.149 
-3.366 
-3.354 
-3.363 
-3.238 
-3.010 
-3.270 
-3.138 
-2.953 
-2.817 
-2.761 ! 
-2.821 
-2.827 
-2.787 
-2.759 
-2.589 
-2.433 
-2.580 
-3.268 
-3.589 
-3.209 
-2.836 
-2.926 
-2.865 
-2.718 
-2.693 
-2.715 
-2.845 
-2.823 
-2.200 
1993.125 
1993.042 
1992.958 
1992.875 
1992.792 
1992.708 
1992.625 
1992.542 
1992.458 
1992.375 
1992.292 
1992.208 
1992.125 
1992.042 
1991.958 
1991.875 
1991.792 
1991.708 
1991.625 
1991.542 
1991.458 
1991.375 
1991.292 
1991.208 
1991.125 
1991.042 
1990.958 
1990.875 
1990.792 
1990.708 
1990.625 
1990.542 
1990.458 
1990.375 
1990.292 
1990.208 
-2.600 
-2.600 
-2.927 
-3.133 
-3.166 
-3.297 
-3.444 
-3.402 
-3.205 
-2.686 
-2.497 
-2.450 
-2.723 
-2.953 
-3.132 
-3.237 
-3.337 
-3.446 
-3.455 
-3.383 
-3.127 
-2.946 
-2.803 
-2.660 
-2.711 
-2.802 
-2.840 
-2.865 
-3.020 
-3.241 
-3.263 
-3.259 
-3.294 
-3.091 
-2.992 
-2.730 
-2.596 
-2.992 
-3.163 
-3.228 
-3.151 
-2.862 
-2.538 
-2.433 | 
-2.410 
-2.487 
-2.737 
-3.060 
-3.287 
-3.298 
-3.054 
-3.093 
-3.092 
-2.951 
-2.820 
-2.716 
-2.697 
-2.616 
-2.503 
-2.390 
-2.831 
-3.354 
-3.534 
-3.450 
-3.244 
-3.158 
-3.177 
-3.089 
-3.115 
-2.799 
-2.965 
-3.080 
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Profile E1-15A 
Age 
(years) 
1996.208 
1996.125 
1996.042 
1995.958 
1995.875 
1995.792 
1995.708 
1995.625 
1995.542 
1995.458 
1995.375 
1995.292 
1995.208 
1995.125 
1995.042 
1994.958 
1994.875 
1994.792 
1994.708 
1994.625 
1994.542 
1994.458 
1994.375 
1994.292 
1994.208 
1994.125 
1994.042 
1993.958 
1993.875 
1993.792 
1993.708 
1993.625 
1993.542 
1993.458 
1993.375 
5I80 S"C 
%o(VPDB) %o(VPDB) 
-2.570 
-2.670 
-2.771 
-2.876 
-2.978 
-3.062 
-3.115 
-3.096 
-3.022 
-2.859 
-2.503 
-2.411 
-2.320 
-2.341 
-2.566 
-2.939 
-3.217 
-3.283 
-3.254 
-3.217 
-3.010 
-2.725 
-2.575 
-2.445 
-2.410 
-2.443 
-2.530 
-2.630 
-2.767 
-2.933 
-3.000 
-3.067 
-3.047 
-3.030 
-3.030 
-3.360 
-3.597 
-3.806 
-3.769 
-3.661 
-3.281 
-3.027 
-3.032 
-2.684 
-2.466 
-2.752 
-2.851 
-2.950 
-3.110 
-3.256 
-3.329 
-2.973 
-2.847 
-2.694 
-2.449 
-2.217 
-2.110 
-2.196 
-2.306 
-2.340 
-3.090 
-3.340 
-3.465 
-3.493 
-3.380 
-3.280 
-3.180 
-3.100 
-3.047 
-3.008 
1993.292 
1993.208 
1993.125 
1993.042 
1992.958 
1992.875 
1992.792 
1992.708 
1992.625 
1992.542 
1992.458 
1992.375 
1992.292 
1992.208 
1992.125 
1992.042 
1991.958 
1991.875 
1991.792 
1991.708 
1991.625 
1991.542 
1991.458 
1991.375 
1991.292 
1991.208 
1991.125 
1991.042 
1990.958 
1990.875 
1990.792 
1990.708 
1990.625 
1990.542 
1990.458 
1990.375 
1990.292 
1990.208 
-2.907 
-2.090 
-2.301 
-2.541 
-2.715 
-2.847 
-2.940 
-2.982 
-3.149 
-2.968 
-2.775 
-2.496 
-2.317 
-2.310 
-2.521 
-2.727 
-2.972 
-3.100 
-3.081 
-3.260 
-3.214 
-2.870 
-2.870 
-2.739 
-2.606 
-2.580 
-2.656 
-2.738 
-2.837 
-2.925 
-3.003 
-3.082 
-3.125 
-2.938 
-2.722 
-2.466 
-2.369 
-2.340 
-2.697 
-2.280 
-2.324 
-3.381 
-3.514 
-3.631 
-3.725 
-3.066 
-2.773 
-2.401 
-2.494 
-2.673 
-2.864 
-2.990 
-3.201 
-3.428 
-3.413 
-3.185 
-2.978 
-2.754 
-3.113 
-2.665 
-2.425 
-1.934 
-1.875 
-2.420 
-2.979 
-3.400 
-3.470 
-3.440 
-3.336 
-3.231 
-3.046 
-2.352 
-2.094 
-2.438 
-2.602 
-2.690 
1990.125 
1990.042 
1989.958 
1989.875 
1989.792 
1989.708 
1989.625 
1989.542 
1989.458 
1989.375 
1989.292 
1989.208 
1989.125 
1989.042 
1988.958 
1988.875 
1988.792 
1988.708 
1988.625 
1988.542 
1988.458 
1988.375 
1988.292 
1988.208 
1988.125 
1988.042 
1987.958 
1987.875 
1987.792 
1987.708 
1987.625 
1987.542 
1987.458 
1987.375 
1987.292 
1987.208 
-2.560 
-2.750 
-2.910 
-2.920 
-2.930 
-3.050 
-2.970 
-2.930 
-2.890 
-2.710 
-2.482 
-2.380 
-2.619 
-2.773 
-2.897 
-3.092 
-3.252 
-3.277 
-3.207 
-3.120 
-2.917 
-2.770 
-2.604 
-2.360 
-2.491 
-2.640 
-2.807 
-2.883 
-3.012 
-3.189 
-3.169 
-3.018 
-2.870 
-2.724 
-2.555 
-2.450 
-3.197 
-3.490 
-3.570 
-3.490 
-3.410 
-3.340 
-2.860 
-2.920 
-2.980 
-2.379 
-2.527 
-2.460 
-3.098 
-3.205 
-3.010 
-2.886 
-2.802 
-2.874 
-3.052 
-3.080 
-2.924 
-2.768 
-2.548 
-2.210 
-2.823 
-3.305 
-3.311 
-3.230 
-3.098 
-2.965 
-3.019 
-3.149 
-2.846 
-2.343 
-2.106 
-2.600 
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Profile E1-15B 
Age 
(years) 
1996.208 
1996.083 
1995.917 
1995.750 
1995.583 
1995.417 
1995.250 
1995.083 
1994.917 
1994.750 
1994.583 
8 , 80 
%o(VPDB) % 
-2.240 
-2.597 
-3.075 
-3.058 
-2.981 
-2.714 
-2.447 
-3.074 
-3.300 
-3.140 
-2.848 
513C 
(VPDB) 
-2.640 
-2.694 
-2.766 
-2.296 
-1.806 
-1.377 
-0.948 
-2.445 
-2.652 
-1.892 
-1.707 
1994.417 
1994.250 
1994.083 
1993.917 
1993.750 
1993.583 
1993.417 
1993.250 
1993.083 
1992.917 
1992.750 
1992.583 
1992.417 
1992.250 
-2.512 
-2.175 
-2.377 
-2.726 
-3.060 
-3.060 
-2.554 
-2.048 
-2.182 
-2.532 
-2.882 
-2.808 
-2.591 
-2.375 
-1.717 
-1.727 
-2.418 
-1.041 
-2.390 
-2.450 
-2.494 
-2.539 
-2.670 
-2.830 
-2.990 
-2.671 
-2.191 
-1.711 
1992.083 
1991.917 
1991.750 
1991.583 
1991.417 
1991.250 
1991.083 
1990.917 
1990.750 
1990.583 
1990.417 
1990.250 
-2.532 
-2.820 
-2.914 
-2.675 
-2.642 
-2.166 
-2.406 
-2.875 
-2.708 
-2.541 
-2.388 
-2.254 
-2.276 
-2.717 
-2.559 
-2.086 
-2.061 
-2.676 
-3.184 
-3.618 
-3.245 
-2.872 
-2.796 
-3.071 
Profile E1-15C 
Age 
(years) 
1996.083 
1995.917 
1995.750 
1995.583 
1995.417 
1995.250 
1995.083 
1994.917 
1994.750 
1994.583 
1994.417 
8 lsO 813C 
%o(VPDB) %o(VPDB) 
-1.972 
-2.207 
-2.353 
-2.293 
-2.176 
-1.933 
-1.995 
-2.454 
-2.878 
-2.769 
-2.561 
-2.686 
-2.758 
-2.631 
-2.514 
-2.206 
-2.301 
-2.654 
-2.969 
-3.023 
-2.777 
-2.552 
Profile Aq-19C 
Age 
(years) 
1999.083 
1998.917 
1998.750 
1998.583 
1998.417 
1998.250 
1998.083 
1997.917 
1997.750 
8lsO 8I3C 
%o(VPDB) %«(VPDB) 
-1.939 
-2.187 
-2.435 
-2.323 
-2.089 
-1.855 
-1.890 
-1.902 
-1.961 
-2.616 
-2.616 
-2.616 
-2.500 
-2.346 
-2.191 
-2.021 
-1.637 
-1.418 
1994.250 
1994.083 
1993.917 
1993.750 
1993.583 
1993.417 
1993.250 
1993.083 
1992.917 
1992.750 
1992.583 
1992.417 
1992.250 
1992.083 
-1.847 
-2.291 
-2.703 
-2.313 
-2.107 
-2.037 
-1.751 
-1.997 
-2.447 
-2.489 
-2.394 
-2.145 
-1.845 
-1.855 
-2.311 
-2.903 
-2.955 
-2.211 
-2.603 
-2.382 
-2.247 
-2.475 
-2.775 
-2.797 
-2.727 
-2.657 
-2.588 
-2.590 
1997.583 
1997.417 
1997.250 
1997.083 
1996.917 
1996.750 
1996.583 
1996.417 
1996.250 
1996.083 
1995.917 
-2.265 
-2.467 
-2.064 
-2.059 
-2.259 
-2.641 
-2.500 
-2.202 
-1.959 
-2.170 
-2.534 
-1.766 
-1.731 
-1.664 
-1.905 
-2.178 
-2.231 
-2.217 
-2.110 
-1.786 
-1.902 
-2.165 
1991.917 
1991.750 
1991.583 
1991.417 
1991.250 
1991.083 
1990.917 
1990.750 
1990.583 
1990.417 
1990.250 
-1.935 
-1.915 
-2.099 
-2.217 
-1.924 
-2.185 
-2.506 
-2.673 
-2.701 
-2.471 
-1.993 
-2.602 
-2.568 
-2.680 
-2.719 
-2.392 
-2.475 
-2.770 
-2.970 
-2.856 
-2.626 
-2.716 
1995.750 
1995.583 
1995.417 
1995.250 
1995.083 
1994.917 
1994.750 
1994.583 
1994.417 
1994.250 
-2.608 
-2.585 
-2.367 
-2.084 
-2.294 
-2.726 
-2.981 
-2.795 
-2.469 
-2.154 
-2.433 
-2.703 
-2.612 
-2.401 
-2.526 
-2.953 
-3.404 
-3.525 
-3.182 
-2.878 
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7.1.1.2. Fine-resolution records 
Profile Aq7 
Age 
(years) 
2000.459 
2000.421 
2000.382 
2000.344 
2000.306 
2000.267 
2000.229 
2000.191 
2000.152 
2000.114 
2000.075 
2000.037 
8'80 
(%o) VPDB 
-3.06 
-3.06 
-3.03 
-2.95 
-2.8 
-2.82 
-2.64 
-2.68 
-2.82 
-2.76 
-2.81 
-2.88 
Profile 
Age 
(years) 
2000.481 
2000.462 
2000.442 
2000.423 
2000.405 
2000.371 
2000.353 
2000.336 
2000.318 
2000.301 
2000.283 
2000.266 
2000.249 
2000.231 
2000.204 
2000.178 
2000.151 
2000.125 
2000.099 
2000.072 
2000.046 
2000.019 
2000.000 
Aql9/3 
8 , 80 
(%o) VPDB 
-3.04 
-3.08 
-3.09 
-3.03 
-3.04 
-3.02 
-2.93 
-2.91 
-2.77 
-2.69 
-2.58 
-2.55 
-2.52 
-2.51 
-2.54 
-2.57 
-2.61 
-2.59 
-2.63 
-2.63 
-2.62 
-2.70 
-2.71 
1999.999 
1999.96 
1999.922 
1999.883 
1999.86 
1999.837 
1999.814 
1999.791 
1999.768 
1999.749 
1999.73 
1999.704 
1999.679 
1999.653 
-2.98 
-3.05 
-3.18 
-3.2 
-3.34 
-3.42 
-3.48 
-3.52 
-3.59 
-3.56 
-3.56 
-3.64 
-3.69 
-3.75 
1999.961 
1999.942 
1999.923 
1999.904 
1999.884 
1999.865 
1999.846 
1999.827 
1999.807 
1999.788 
1999.762 
1999.739 
1999.715 
1999.692 
1999.682 
1999.673 
1999.654 
1999.635 
1999.615 
1999.596 
1999.558 
1999.545 
1999.532 
1999.507 
1999.494 
1999.481 
-2.78 
-2.84 
-2.91 
-2.95 
-3.03 
-3.11 
-3.16 
-3.22 
-3.24 
-3.30 
-3.30 
-3.31 
-3.34 
-3.40 
-3.49 
-3.53 
-3.59 
-3.59 
-3.61 
-3.54 
-3.53 
-3.46 
-3.38 
-3.21 
-3.11 
-3.05 
1999.615 
1999.576 
1999.538 
1999.499 
1999.461 
1999.423 
1999.385 
1999.347 
1999.309 
1999.271 
1999.233 
1999.195 
-3.7 
-3.61 
-3.49 
-3.36 
-3.38 
-3.21 
-3.04 
-2.96 
-2.85 
-2.88 
-2.87 
-2.85 
1999.462 
1999.443 
1999.423 
1999.404 
1999.385 
1999.365 
1999.346 
1999.327 
1999.307 
1999.288 
1999.269 
1999.249 
1999.230 
1999.211 
1999.191 
1999.172 
1999.153 
1999.132 
1999.112 
1999.092 
1999.072 
1999.052 
1999.031 
1999.011 
-3.07 
-2.98 i 
-2.98 
-2.99 
-2.91 
-2.88 
-2.85 
-2.73 
-2.70 
-2.64 
-2.62 
-2.58 
-2.53 
-2.55 
-2.54 
-2.54 i 
-2.50 I 
-2.53 
-2.52 
-2.59 
-2.61 
-2.65 
-2.62 
-2.73 
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Profile 
Age 
(years) 
2000.481 
2000.450 
2000.418 
2000.387 
2000.356 
2000.325 
2000.293 
2000.262 
2000.231 
2000.204 
2000.178 
2000.151 
2000.125 
2000.099 
2000.072 
2000.046 
2000.019 
1999.981 
1999.942 
Aql9/4 
618o 
%o (VPDB) 
-3.06 
-3.12 
-3.05 
-2.97 
-2.89 
-2.82 
-2.63 
-2.54 
-2.48 
-2.49 
-2.49 
-2.56 
-2.56 
-2.65 
-2.66 
-2.67 
-2.78 
-2.79 
-2.95 
Profile Aq29 
Age 
(years) 
2000.481 
2000.447 
2000.413 
2000.380 
2000.346 
2000.317 
2000.288 
2000.231 
2000.204 
2000.177 
2000.149 
2000.122 
2000.095 
2000.068 
2000.040 
2000.019 
2000.000 
1999.981 
1999.962 
818o 
%o(VPDB) 
-3.01 
-3.02 
-3.01 
-2.84 
-2.86 
-2.80 
-2.69 
-2.61 
-2.61 
-2.63 
-2.64 
-2.74 
-2.75 
-2.77 
-2.74 
-2.85 
-2.85 
-2.90 
-2.95 
1999.904 
1999.875 
1999.846 
1999.817 
1999.788 
1999.763 
1999.737 
1999.712 
1999.693 
1999.673 
1999.654 
1999.615 
1999.587 
1999.558 
1999.543 
1999.522 
1999.502 
1999.481 
1999.442 
1999.402 
1999.362 
1999.322 
-3.03 
-3.06 
-3.16 
-3.20 
-3.26 
-3.26 
-3.28 
-3.26 
-3.37 
-3.47 
-3.62 
-3.64 
-3.56 
-3.49 
-3.37 
-3.20 
-3.05 
-2.96 
-2.97 
-2.88 
-2.85 
-2.77 
1999.942 
1999.923 
1999.904 
1999.879 
1999.824 
1999.769 
1999.712 
1999.693 
1999.683 
1999.673 
1999.654 
1999.644 
1999.635 
1999.625 
1999.615 
1999.605 
1999.596 
1999.577 
1999.558 
1999.532 
1999.507 
1999.481 
-2.98 
-3.07 
-3.14 
-3.16 
-3.22 
-3.34 
-3.30 
-3.35 
-3.40 
-3.41 
-3.45 
-3.46 
-3.37 
-3.42 
-3.42 
-3.34 
-3.19 
-3.11 
-3.13 
-3.09 
-3.07 
-2.89 
1999.282 
1999.242 
1999.202 
1999.162 
1999.122 
1999.082 
1999.042 
1999.002 
1998.961 
1998.920 
1998.879 
1998.838 
1998.797 
1998.756 
1998.715 
1998.674 
1998.633 
1998.593 
1998.551 
-2.64 
-2.57 
-2.53 
-2.50 
-2.50 
-2.49 
-2.49 
-2.45 
-2.55 
-2.56 
-2.59 
-2.71 
-2.82 
-2.83 
-2.85 
-2.94 
-3.01 
-3.09 
-3.13 
1999.462 
1999.443 
1999.424 
1999.405 
1999.386 
1999.367 
1999.348 
1999.329 
1999.310 
1999.292 
1999.274 
1999.256 
1999.238 
1999.220 
1999.202 
1999.184 
1999.165 
1999.147 
1999.129 
1999.111 
-2.91 
-2.84 
-2.79 
-2.80 
-2.79 
-2.71 
-2.66 
-2.62 
-2.58 
-2.61 
-2.65 
-2.74 
-2.75 
-2.77 
-2.74 
-2.76 
-2.86 
-2.91 
-2.92 
-3.00 
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Profile 
Age 
(years) 
2000.459 
2000.421 
2000.382 
2000.306 
2000.229 
2000.168 
2000.106 
2000.045 
1999.983 
1999.922 
1999.909 
1999.896 
Aq42 
8180 
%o(VPDB) 
-2.92 
-2.94 
-2.86 
-2.02 
-1.99 
-2.08 
-2.26 
-2.34 
-2.28 
-2.66 
-2.75 
-2.80 
1999.883 
1999.832 
1999.781 
1999.730 
1999.717 
1999.704 
1999.692 
1999.679 
1999.666 
1999.653 
1999.614 
1999.576 
1999.538 
1999.499 
1999.461 
-2.79 
-2.90 
-2.97 
-2.93 
-3.16 
-3.13 
-3.22 
-3.19 
-3.23 
-3.26 
-3.22 
-3.18 
-3.07 
-2.76 
-2.86 
1999.423 
1999.384 
1999.346 
1999.268 
1999.229 
1999.197 
1999.165 
1999.133 
1999.101 
1999.069 
1999.037 
1999.005 
-2.64 
-2.43 i 
-2.34 
-2.26 
-2.15 
-2.16 
-2.25 
-2.21 
-2.33 
-2.48 
-2.51 
-2.61 
7.1.2. Annual coral growth data 
Profile 
E1-15A 
E1-15B 
E1-15C 
Aq-19A 
Aq-19C 
Aql93 
Aql93 
Aq29 
Aq42 
Aq42 
Aq7 
Aq7 
Year Extension rate 
(cm/year) 
1995 
1994 
1993 
1995 
1994 
1993 
1995 
1994 
1993 
1992 
1991 
1998 
1997 
1996 
1995 
1994 
1993 
1998 
1997 
1996 
1995 
1994 
1998 
1997 
1998 
1998 
1997 
1998 
1997 
0.95 
1.25 
1.00 
0.40 
0.50 
0.40 
0.25 
0.30 
0.15 
0.20 
0.25 
1.25 
1.45 
1.40 
1.50 
1.70 
1.60 
0.10 
0.25 
0.20 
0.15 
0.25 
2.00 
1.90 
0.54 
0.35 
0.40 
0.99 
1.02 
Bulk density 
(g.cm"3) 
1.21 
1.23 
1.21 
1.58 
1.66 
1.56 
1.72 
1.66 
1.55 
1.54 
1.46 
0.99 
1.03 
1.07 
1.01 
1.06 
1.07 
1.57 
1.52 
1.47 
1.47 
1.47 
1.10 
1.08 
1.37 
1.45 
1.43 
1.09 
1.09 
Calcification rate 
(g.cm"2.year"') 
1.149 
1.537 
1.210 
0.632 
0.830 
0.624 
0.430 
0.498 
0.232 
0.308 
0.365 
1.237 
1.493 
1.498 
1.515 
1.802 
1.712 
0.157 
0.380 
0.294 
0.220 
0.368 
2.200 
2.052 
0.735 
0.506 
0.572 
1.079 
1.112 
5I80 
%o(VPDB) 
-2.76 
-2.83 
-2.77 
-2.89 
-2.85 
-2.60 
-2.15 
-2.48 
-2.10 
-2.23 
-2.07 
-3.30 
-3.28 
-3.12 
-3.10 
-3.21 ; 
-3.10 
-2.08 
-2.12 
-2.26 
-2.42 
-2.60 
-2.98 
-2.98 
-3.00 
-2.74 
-2.72 
-3.19 
-3.17 
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7.2. Environmental data 
7.2.1. Weekly average seawater temperature records 
Date 
04/13/99 
04/20/99 
04/27/99 
05.04.99 
05.11.99 
05/18/99 
05/25/99 
06.01.99 
06.08.99 
06/15/99 
06/22/99 
06/29/99 
07.06.99 
07/13/99 
07/20/99 
07/27/99 
08.03.99 
08.10.99 
08/17/99 
08/24/99 
08/31/99 
09.07.99 
09/14/99 
09/21/99 
09/28/99 
10.05.99 
10.12.99 
10/22/99 
10/29/99 
11.05.99 
11.12.99 
11/19/99 
11/26/99 
12.03.99 
12.10.99 
12/17/99 
12/24/99 
12/31/99 
01.07.00 
Age 
(years) 
1999.288 
1999.308 
1999.327 
1999.346 
1999.365 
1999.385 
1999.404 
1999.423 
1999.442 
1999.462 
1999.481 
1999.5 
1999.519 
1999.538 
1999.558 
1999.577 
1999.596 
1999.615 
1999.635 
1999.654 
1999.673 
1999.692 
1999.712 
1999.731 
1999.75 
1999.769 
1999.788 
1999.808 
1999.827 
1999.846 
1999.865 
1999.885 
1999.904 
1999.923 
1999.942 
1999.962 
1999.981 
2000 
2000.019 
01/14/00 2000.038 
01/21/00 2000.058 
Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C) 
7 m depth 19 m depth 29 m depth 42 m depth 
21.6865 
21.4914 
21.5896 
21.9435 
22.3292 
22.4127 
22.8637 
22.9689 
23.5579 
23.9089 
23.5294 
23.9696 
24.3568 
25.3121 
26.7324 
26.9982 
26.5668 
27.8544 
27.7302 
27.6467 
26.4924 
25.7924 
25.5697 
25.4527 
25.6777 
25.6914 
25.5836 
25.0605 
24.7506 
24.5226 
24.2226 
24.1883 
24.2080 
23.3091 
23.0517 
22.8469 
22.7500 
22.5441 
22.4691 
22.0751 
21.9902 
21.6608 
21.4888 
21.5938 
21.9305 
22.3082 
22.4039 
22.8195 
22.9488 
' 23.5098 
23.7655 
23.5118 
23.8940 
24.2814 
24.9702 
26.3880 
26.4952 
26.3727 
27.5074 
27.4498 
27.4867 
26.2922 
25.6401 
25.3901 
25.3283 
25.4991 
25.5641 
25.4738 
24.9161 
24.6114 
24.3795 
24.0816 
24.0449 
24.0749 
23.1886 
22.9516 
22.7159 
22.6542 
22.4513 
22.3867 
21.9864 
21.9000 
21.5243 
21.3901 
21.4973 
21.7930 
22.1690 
22.2933 
22.6916 
22.8298 
23.3592 
23.5882 
23.4108 
23.8036 
24.1679 
24.7498 
25.9138 
26.0651 
26.1161 
27.1420 
27.0688 
27.2330 
26.0834 
25.5426 
25.3356 
25.3623 
25.4768 
25.5749 
25.5169 
25.0391 
24.7451 
24.4946 
24.2090 
24.1456 
24.2145 
23.3167 
23.0425 
22.8270 
22.7442 
22.5496 
22.4690 
22.0774 
21.9436 
21.5320 
21.4130 
21.5224 
21.7901 
22.1346 
22.3087 
22.6671 
22.7887 
23.3032 
23.4661 
23.3557 
23.7050 
24.0463 
24.5692 
25.3167 
25.6421 
25.7711 
26.6997 
26.4909 
26.7748 
25.6907 
25.2798 
25.1380 
25.2522 
25.3471 
25.4966 
25.4935 
25.0565 
24.7675 
24.5223 
24.2461 
24.1720 
24.2215 
23.3527 
23.0774 
22.8927 
22.7996 
22.5977 
22.5119 
22.1077 
21.9816 
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Table 7.2.1. continued 
01/28/00 2000.077 
02.04.00 2000.096 
02.11.00 2000.115 
02/18/00 2000.135 
02/25/00 2000.154 
03.03.00 2000.173 
03.10.00 2000.192 
03/17/00 2000.212 
03/24/00 2000.231 
03/31/00 2000.25 
04.07.00 2000.269 
04/14/00 2000.288 
04/21/00 2000.308 
04/28/00 2000.327 
05.05.00 2000.346 
05.12.00 2000.365 
05/19/00 2000.385 
05/26/00 2000.404 
06.02.00 2000.423 
06.09.00 2000.442 
06/16/00 2000.461 
06/25/00 2000.481 
21.7814 
21.5761 
21.4052 
21.3174 
21.1502 
21.0919 
20.9891 
20.9486 
20.9257 
20.9575 
21.0491 
21.1291 
22.0245 
21.7855 
22.3143 
22.1713 
22.8891 
22.8970 
23.0528 
23.1513 
23.5803 
23.6050 
21.7133 
21.4932 
21.3320 
21.2373 
21.0876 
21.0283 
20.9335 
20.8751 
20.8510 
20.8849 
20.9600 
20.9946 
21.8173 
21.6861 
22.2298 
22.0881 
22.7558 
22.8324 
22.9659 
23.0487 
23.5035 
23.5371 
21.7826 
21.5594 
21.3789 
21.2728 
21.1148 
21.0623 
20.9437 
20.9201 
20.8673 
20.8822 
20.9546 
20.9558 
21.7046 
21.5430 
22.1391 
21.9601 
22.6290 
22.7391 
22.8691 
22.9667 
23.4270 
23.4736 
21.8188 
21.6127 
21.4270 
21.3242 
21.1585 
21.0928 
21.0042 
20.9724 
20.9352 
20.9648 
21.0057 
21.0082 
21.7013 
21.5186 
22.0751 
21.9099 
22.5945 
22.7469 
22.8576 
22.9256 
23.3741 
23.4407 
7.2.2. Seawater stable isotope data 
Date 
04/13/99 
05/11/99 
06/12/99 
07/13/99 
08/14/99 
09/08/99 
10/16/99 
11/13/99 
12/22/99 
01/17/00 
02/20/00 
03/14/00 
04/13/00 
05/14/00 
06/21/00 
Surface 
S , 80 
%o 
(SMOW) 
1.99 
1.85 
1.79 
1.69 
1.82 
1.89 
1.75 
1.90 
1.88 
1.85 
1.73 
813C 
%o 
(VPDB) 
1.66 
1.19 
1.51 
1.60 
1.42 
1.30 
7m 
6 ,sO 
%o 
(SMOW) 
1.89 
1.88 
1.93 
1.94 
1.96 
1.91 
1.88 
1.90 
1.73 
1.83 
1.92 
1.94 
1.82 
depth 
8,3C 
(VPDB) 
1.24 
1.12 
1.64 
1.66 
1.30 
1.52 
1.79 
1.44 
1.39 
1.60 
1.60 
19 m 
8 ,sO 
%0 
(SMOW) 
1.78 
1.81 
1.76 
1.83 
1.96 
1.86 
1.95 
1.92 
1.91 
1.83 
1.88 
1.85 
1.83 
1.88 
1.91 
depth 
8I3C 
% 0 
(VPDB) 
1.23 
1.16 
1.69 
1.65 
1.27 
1.51 
1.55 
1.50 
1.37 
1.57 
1.58 
29 m 
8180 
%0 
(SMOW) 
1.85 
1.91 
1.87 
1.89 
1.85 
2.03 
1.80 
1.94 
1.79 
1.94 
1.78 
1.88 
1.82 
1.93 
depth 
8"C 
% 0 
(VPDB) 
1.33 
1.40 
1.65 
1.67 
1.26 
1.44 
1.43 
1.60 
42 m 
8 I80 
%o 
(SMOW) 
1.83 
1.77 
1.87 
1.79 
1.84 
1.91 
1.84 
1.85 
1.88 
1.86 
1.78 
1.82 
1.82 
1.92 
1.81 
depth 
8"C 
% 0 
(VPDB) 
1.14 
1.30 
1.66 
1.69 
1.56 
1.28 
1.52 
1.42 
1.29 
1.53 
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7.3. Sediment records 
7.3.1. Carbon stable isotope composition of planktonic foraminifera G. 
sacculifer and G. ruber 
GeoB 5801-3 
Calib. Age 
(A.D.) 
>1950 
>1950 
>1950 
1950.000 
1939.931 
1929.862 
1919.793 
1909.724 
1899.655 
1889.586 
1879.517 
1869.448 
1859.379 
1849.310 
1839.241 
1829.172 
1819.103 
1809.034 
1798.966 
1788.897 
1778.828 
1768.759 
1758.690 
1748.621 
1738.552 
1728.483 
1718.414 
1708.345 
1698.276 
1688.207 
1678.138 
1668.069 
1658.000 
1652.467 
1646.933 
1641.400 
1635.867 
1630.333 
G. sacc 8"C 
%o (VPDB) 
0.778 
0.960 
1.040 
0.830 
0.882 
0.820 
0.869 
0.842 
1.024 
0.831 
1.094 
0.829 
0.931 
1.025 
0.953 
0.889 
1.150 
1.287 
1.352 
1.096 
1.306 
1.045 
1.409 
1.186 
1.329 
1.467 
1.354 
1.528 
1.467 
1.215 
1.098 
1.360 
1.588 
1.475 
1.610 
1.230 
1.456 
1.303 
G. ruber 8I3C 
%o (VPDB) 
0.548 
0.500 
0.610 
0.714 
0.830 
0.794 
0.824 
0.736 
0.760 
0.660 
0.806 
0.762 
0.808 
0.975 
0.900 
0.510 
0.525 
0.525 
0.880 
0.970 
1.007 
1.060 
1.128 
0.999 
1.224 
1.027 
1.118 
1.141 
1.315 
1.202 
0.800 
0.872 
1.030 
1.136 
1.184 
1624.800 
1619.267 
1613.733 
1608.200 
1602.667 
1597.133 
1591.600 
1586.067 
1580.533 
1575.000 
1569.467 
1563.933 
1558.400 
1552.867 
1547.333 
1541.800 
1536.267 
1530.733 
1525.200 
1519.667 
1514.133 
1508.600 
1503.067 
1497.533 
1492.000 
1486.467 
1480.933 
1475.400 
1469.867 
1464.333 
1458.800 
1453.267 
1447.733 
1442.200 
1436.667 
1431.133 
1425.600 
1420.067 
1414.533 
1409.000 
1.351 
1.504 
1.324 
1.440 
1.521 
1.575 
1.380 
1.191 
1.408 
1.492 
1.570 
1.392 
1.351 
1.447 
1.313 
1.654 
1.444 
1.300 
1.320 
1.365 
1.405 
1.314 
1.492 
1.530 
1.396 
1.377 
1.158 
1.162 
1.361 
1.435 
1.302 
1.464 
1.232 
1.301 
1.448 
1.250 
1.316 
1.189 
1.291 
1.211 
1.401 
1.440 
1.099 
1.194 
1.403 
1.359 
1.370 
1.444 
1.301 
1.286 
1.194 
0.999 
1.247 
1.221 
1.013 
1.089 
1.015 
1.348 
0.962 
1.225 
1.079 
1.110 
1.145 
1.215 
1.176 
1.269 
0.900 
0.986 
1.061 
0.958 
1.221 
1.118 
0.876 
1.042 
0.885 
0.827 
1.014 
0.704 
0.703 
0.930 
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GeoB 5807-2 
Calib. Age 
(A.D.) 
>1950 
>1950 
>1950 
1950.000 
1939.281 
1928.563 
1917.844 
1907.125 
1896.406 
1885.688 
1874.969 
1864.250 
1853.531 
1842.813 
1832.094 
1821.375 
1810.656 
1799.938 
1789.219 
1778.500 
1767.781 
1757.063 
1746.344 
1735.625 
1724.906 
1714.188 
1703.469 
1692.750 
1682.031 
1671.313 
1660.594 
1649.875 
1639.156 
G. sacc 813C 
%o (VPDB) 
0.630 
0.640 
0.806 
0.622 
0.836 
0.770 
0.769 
0.809 
0.863 
0.960 
1.117 
1.098 
1.032 
1.076 
1.062 
0.946 
1.081 
1.061 
1.328 
1.321 
1.301 
1.299 
1.503 
1.330 
1.277 
1.272 
1.326 
1.370 
1.489 
1.371 
1.432 
1.236 
1.275 
G. ruber 8I,C 
%o (VPDB) 
0.367 
0.440 
0.516 
0.462 
0.668 
0.321 
0.417 
0.400 
0.407 
0.459 
0.367 
0.726 
0.722 
0.595 
0.852 
1.071 
0.939 
1.074 
0.852 
0.735 
0.783 
0.912 
0.848 
0.692 
0.841 
0.815 
0.865 
0.842 
0.755 
1.118 
1.063 
0.816 
1628.438 
1617.719 
1607.000 
1596.281 
1585.563 
1574.844 
1564.125 
1553.406 
1542.688 
1531.969 
1521.250 
1510.531 
1499.813 
1489.094 
1478.375 
1467.656 
1456.938 
1446.219 
1435.500 
1424.781 
1414.063 
1403.344 
1392.625 
1381.906 
1371.188 
1360.469 
1349.750 
1339.031 
1328.313 
1317.594 
1306.875 
1296.156 
1285.438 
1274.719 
1264.000 
1.317 
1.353 
1.465 
1.522 
1.468 
1.134 
1.328 
1.321 
1.269 
1.201 
1.234 
1.293 
1.459 
1.449 
1.500 
1.468 
1.327 
1.426 
1.539 
1.423 
1.274 
1.403 
1.218 
1.454 
1.279 
1.392 
1.202 
1.394 
1.336 
1.200 
1.366 
1.460 
1.520 
1.140 
0.815 
1.031 
1.062 
1.117 
0.999 
0.962 
1.017 
0.837 
0.945 
0.969 
0.766 
0.854 
1.111 
1.294 
1.353 
1.098 
0.890 
0.859 
0.903 
1.124 
1.133 
1.198 
1.009 
1.124 
1.205 
1.354 
1.380 
1.288 
1.145 
1.137 
1.247 
1.268 
1.107 
0.973 
GeoB 5810-3 
Calib. Age 
(A.D.) 
>1950 
>1950 
>1950 
1950.000 
1937.808 
G. sacc 813C 
%o(VPDB) 
0.658 
0.752 
0.743 
0.677 
0.770 
G. ruber 8I3C 
%o(VPDB) 
0.347 
0.084 
0.438 
0.218 
0.297 
1925.615 
1913.423 
1901.231 
1889.038 
1876.846 
1864.654 
1852.462 
1840.269 
0.798 
0.888 
0.807 
0.861 
0.856 
1.126 
0.810 
0.908 
0.582 
0.376 
0.473 
0.733 
0.570 
0.650 
0.633 
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GeoB 5810-3 continued 
1828.077 
1815.885 
1803.692 
1791.500 
1779.308 
1767.115 
1754.923 
1742.731 
1730.538 
1718.346 
1706.154 
1693.962 
1681.769 
1669.577 
1657.385 
1645.192 
1633.000 
1618.725 
1604.450 
1590.175 
1575.900 
1561.625 
1547.350 
1533.075 
1518.800 
1504.525 
1490.250 
1475.975 
1461.700 
1.136 
1.186 
1.274 
1.450 
1.304 
1.278 
1.393 
1.479 
1.318 
1.318 
1.685 
1.702 
1.558 
1.479 
1.160 
1.629 
1.578 
1.314 
1.391 
1.235 
1.608 
1.580 
1.502 
1.356 
1.470 
1.830 
1.564 
1.517 
1.320 
0.903 
0.726 
0.588 
0.784 
0.710 
0.787 
0.860 
0.676 
0.977 
0.836 
0.946 
0.879 
0.846 
0.820 
0.895 
0.641 
1.070 
0.961 
0.925 
1.141 
1.270 
1.142 
0.828 
0.974 
1.210 
0.944 
1.288 
1.241 
1447.425 
1433.150 
1418.875 
1404.600 
1390.325 
1376.050 
1361.775 
1347.500 
1333.225 
1318.950 
1304.675 
1290.400 
1276.125 
1261.850 
1247.575 
1233.300 
1219.025 
1204.750 
1190.475 
1176.200 
1161.925 
1147.650 
1133.375 
1119.100 
1104.825 
1090.550 
1076.275 
1062.000 
1.402 
1.392 
1.651 
1.580 
1.516 
1.511 
1.561 
1.526 
1.623 
1.338 
1.631 
1.325 
1.219 
1.526 
1.545 
1.640 
1.694 
1.462 
1.587 
1.396 
1.334 
1.529 
1.491 
1.321 
1.186 
1.332 
1.332 
1.406 
1.078 
1.158 
1.301 
1.282 
1.136 
1.145 
1.185 
1.234 
1.351 
1.176 
1.180 
1.160 
1.066 
1.274 
1.189 
1.043 
1.105 
1.200 
0.938 
1.198 
1.130 
1.070 
1.079 
1.272 
1.118 
1.097 
1.088 
0.914 
7.3.2. Sediment organic carbon and carbonate contents 
GeoB 5801-3 
C'alib. Age 
(A.D.) 
>1950 
1939.867 
1919.733 
1899.600 
1879.467 
1859.333 
1839.200 
1819.067 
1798.933 
1778.800 
TC 
(%) 
4.20 
3.96 
4.06 
4.20 
4.25 
4.03 
3.85 
3.48 
3.15 
2.97 
OC 
0.67 
0.50 
0.40 
0.43 
0.41 
0.34 
0.35 
0.28 
0.33 
0.33 
CaCOj 
(%) 
29.40 
28.80 
30.50 
31.40 
32.00 
30.70 
29.20 
26.70 
23.50 
22.00 
1758.667 
1738.533 
1718.400 
1698.267 
1678.133 
1658.000 
1647.625 
1637.250 
1626.875 
1616.500 
1606.125 
1595.750 
1585.375 
3.08 
3.92 
3.98 
3.95 
3.67 
3.83 
3.84 
4.01 
4.56 
4.56 
4.41 
4.35 
4.28 
0.35 
0.35 
0.42 
0.39 
0.41 
0.38 
0.37 
0.37 
0.36 
0.35 
0.38 
0.38 
0.37 
22.70 
29.70 
29.70 
29.70 
27.20 
28.70 
28.90 
30.30 
35.00 
35.10 
33.60 
33.10 
32.60 
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GeoB 5801-3 continued 
1575.000 
1564.625 
1554.250 
1543.875 
1533.500 
1523.125 
1512.750 
1502.375 
1492.000 
4.03 
3.74 
3.26 
3.32 
3.24 
3.66 
4.26 
4.24 
3.84 
0.35 
0.30 
0.23 
0.25 
0.30 
0.28 
0.45 
0.33 
0.29 
30.70 
28.70 
25.20 
25.60 
24.50 
28.20 
31.70 
32.60 
29.60 
1481.625 
1471.250 
1460.875 
1450.500 
1440.125 
1429.750 
1419.375 
1409.000 
3.23 
2.77 
3.23 
4.51 
4.24 
4.41 
4.43 
4.32 
0.24 
0.22 
0.28 
0.36 
0.32 
0.34 
0.35 
0.32 
24.90 
21.20 
24.60 
34.60 
32.70 
33.90 
34.00 
33.30 
GeoB 5807-2 
Calib. Age 
(A.D.) 
>1950 
1941.189 
1922.378 
1903.568 
1884.757 
1865.946 
1847.135 
1828.324 
1809.514 
1790.703 
1771.892 
1753.081 
1734.270 
1715.459 
1696.649 
1677.838 
1659.027 
1640.216 
TC 
(%) 
4.51 
4.53 
3.62 
3.25 
2.90 
2.73 
3.13 
3.43 
2.49 
2.22 
2.08 
2.14 
2.16 
2.67 
3.09 
3.20 
3.32 
3.61 
OC 
(%) 
0.71 
0.59 
0.54 
0.51 
0.48 
0.43 
0.40 
0.38 
0.35 
0.30 
0.28 
0.27 
0.26 
0.30 
0.34 
0.34 
0.35 
0.38 
CaCO, 
(%) 
31.70 
32.80 
25.70 
22.80 
20.20 
19.20 
22.70 
25.40 
17.80 
16.00 
15.00 
15.60 
15.80 
19.70 
22.90 
23.80 
24.70 
26.90 
1621.405 
1602.595 
1583.784 
1564.973 
1546.162 
1527.351 
1508.541 
1489.730 
1470.919 
1452.108 
1433.297 
1414.486 
1395.676 
1376.865 
1358.054 
1339.243 
1320.432 
1301.622 
1282.811 
1264.000 
3.66 
3.63 
3.63 
3.58 
3.32 
3.78 
3.67 
3.34 
3.53 
3.70 
3.78 
4.10 
4.15 
4.17 
4.31 
4.51 
4.64 
4.51 
4.31 
4.24 
0.39 
0.39 
0.37 
0.33 
0.33 
0.33 
0.32 
0.33 
0.34 
0.35 
0.37 
0.37 
0.36 
0.38 
0.35 
0.33 
0.34 
0.37 
0.37 
0.38 
27.20 
27.00 
27.20 
27.10 
24.90 
28.70 
27.90 
25.10 
26.60 
27.90 
28.40 
31.10 
31.60 
31.60 
33.00 
34.80 
35.80 
34.50 
32.80 
32.20 
GeoB 5810-3 
Calib. Age 
(A.D.) 
>1950 
>1950 
1927.357 
1904.714 
1882.071 
1859.429 
1836.786 
1814.143 
1791.5 
1768.857 
1746.214 
TC 
(%) 
4.55 
4.39 
4.21 
4.16 
4.03 
3.95 
3.82 
3.78 
3.93 
4 
3.97 
OC 
(%) 
0.77 
0.73 
0.71 
0.72 
0.7 
0.66 
0.67 
0.67 
0.54 
0.51 
0.5 
CaCOj 
(%) 
31.5 
30.5 
29.2 
28.7 
27.7 
27.4 
26.2 
25.9 
28.2 
29.1 
28.9 
TotN 
(%) 
0.091 
0.083 
0.087 
0.072 
0.071 
0.067 
0.067 
0.07 
0.058 
0.056 
0.058 
C/N 
8.46 
8.8 
8.18 
10 
9.86 
9.85 
10 
9.57 
9.31 
9.11 
8.62 
S l 3 f 
%o (VPDB) 
-21.19 
-21.23 
-21.4 
-21.64 
-21.66 
-21.7 
-21.63 
-21.45 
-21.05 
-20.66 
1723.571 
1700.929 
1678.286 
1655.643 
i 1633 
1608.174 
1583.348 
1558.522 
1533.696 
1508.87 
1484.043 
1459.217 
1434.391 
1409.565 
3.87 
3.95 
3.93 
3.97 
4.2 
4.26 
4.3 
4.57 
4.36 
4.29 
4.27 
4.2 
4.37 
4.3 
0.49 
0.42 
0.39 
0.4 
0.4 
0.41 
0.4 
0.41 
0.43 
0.42 
0.41 
0.38 
0.37 
0.33 
28.2 
29.4 
29.5 
29.7 
31.7 
32.1 
32.5 
34.7 
32.7 
32.2 
32.2 
31.8 
33.3 
33.1 
0.053 
0.048 
0.047 
0.047 
0.045 
0.047 
0.045 
0.048 
0.048 
0.045 
0.046 
0.041 
0.042 
0.039 
9.25 
8.75 
8.3 
8.51 
8.89 
8.72 
8.89 
8.54 
8.96 
9.33 
8.91 
9.27 
8.81 
8.46 
-20.32 
-19.8 
-19.59 
-19.44 
-19.41 
-19.86 
-19.72 
-19.63 
-19.31 
-19.67 
-19.6 
-19.75 
-19.72 
-19.33 
Chapter Seven 
GeoB 5810-3 continued 
1384.739 
1359.913 
1335.087 
1310.261 
1285.435 
1260.609 
1235.783 
4.4 
4.28 
4.28 
4.31 
4.45 
4.37 
4.28 
0.33 
0.33 
0.32 
0.31 
0.35 
0.35 
0.34 
33.9 
32.9 
33 
33.3 
34.2 
33.5 
32.8 
0.04 
0.039 
0.037 
0.035 
0.039 
0.037 
0.038 
8.25 
8.46 
8.65 
8.86 
8.97 
9.46 
8.95 
-18.96 
-19.02 
-18.86 
-18.77 
-18.77 
-19.14 
-19.27 
116 
1210.957 
1186.13 
1161.304 
1136.478 
1111.652 
1062 
4.25 
4.15 
4 
3.91 
3.93 
4.12 
0.37 
0.37 
0.38 
0.37 
0.35 
0.31 
32.3 
31.5 
30.2 
29.5 
29.8 
31.7 
0.038 
0.039 
0.039 
0.036 
0.032 
0.032 
9.74 
9.49 
9.74 
10.28 
10.94 
9.69 
-19.57 
-19.77 
-19.8 
-19.99 
-19.83 
-19.51 
